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ABSTRACT 


This  report  describes  a  program  that  was  directed  toward 
evaluating  and  verifying  the  response  of  strain  gages  embedded 
in  boron-epoxy  coupons.  The  primary  objective  was  to  fabricate, 
test  and  evaluate  approximately  ninety  boron-epoxy  tensile  spec¬ 
imens  containing  embedded  strain  gages.  Secondary  efforts  in¬ 
cluded  improvement  of  the  embedded  strain  gage  design,  investi¬ 
gation  of  embedded  single-wire  gages,  investigation  of  strain 
gage  embedment  and  interlaminar  shear  effects  and  reporting  of 
materials  property  data. 

The  results  indicate  that  strain  gages  embedded  in  boron- 
epoxy  composite  laminates  perform  in  the  same  manner  and  with 
the  same  quality  and  reliability  as  strain  gages  bonded  to  sur¬ 
faces.  Embedding  the  strain  gages  did  not  affect  the  laminate 
structural  properties  but  the  embedded  gages  were  affected,  in 
a  few  cases,  during  specimen  curing. 
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SECTION  I 


INTRODUCTION 


BACKGROUND 

The  use  of  filamentary  composite  materials  in  structural 
applications  is  very  attractive  because  the  composite  proper¬ 
ties  can  be  tailored  to  suit  design  requirements.  This  feature 
permits  high  structural  efficiencies  and  substantial  weight 
savings  to  be  realized. 

The  increased  design  options  made  available  with  filamen¬ 
tary  composites  are  accompanied  by  structure  design  and  anal¬ 
ysis  requirements  that  are  more  extensive  than  those  associated 
with  isotropic  structural  materials.  Besides  the  usual  size 
and  shape  considerations,  composite  design  must  consider  the 
material  property  variations  with  respect  to  load  direction, 
the  stacking  sequence  of  the  plies  and  several  other  factors. 

The  individual  filament  layers,  or  plies,  of  boron-epoxy  lamin¬ 
ates  have  distinct  directional  anisotropic  properties  with  most 
of  their  load-carrying  capability  parallel  with  the  filaments. 
Directional  composite  properties  of  an  entire  composite  can  be 
estimated  by  analyzing  the  plies  individually  and  adding  their 
respective  individual  contributions.  Analytical  procedures  have 
been  developed  to  describe  the  load  response  of  multidirectional 
composites  based  on  a  generalized  Hooke's  law  for  anisotropic 
materials.  These  procedures  have  predicted  the  stiffness  prop¬ 
erties  of  composites  very  well,  but  are  erratic  in  predicting 
ultimate  load  capabilities. 

Classical  laminate  theory  assumes  that  the  strain  distribu¬ 
tion  in  an  anisotropic  composite  laminate  (like  boron-epoxy)  is 
constant  through  the  section  for  in-plane  loads  and  remains 
linear  through  the  section  for  bending  loads  -  as  it  does  in 
isotropic  materials.  This  means  that  surface  strain  measurements 
can  be  used  to  determine  through- the- section  load  effects  in  com¬ 
posites,  except  that  the  linear  strain  distribution  assumption 
does  not  hold  for  composites  in  joint  areas  or  near  edges. 

Strain  measurements  using  bonded  resistance  strain  gages 
have  been  established  as  a  convenient  and  reliable  method  for 
determining  load  effects  in  structures.  They  are  designed  for, 
and  most  commonly  applied  to,  structural  surfaces  and  their  use 
presents  no  major  problems  on  either  isotropic  or  anisotropic 
materials,  provided  that  the  gage  installation  is  properly  engin¬ 
eered. 

Despite  the  existing  ability  to  measure  surface  strain  and 
the  apparently  valid  linear  strain  distribution  assumption, 
development  and  verification  of  the  capability  to  measure  inter¬ 
nal  strains  in  filamentary  composites  is  desirable  for  the 
reasons  listed  below: 
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o  Filamentary  composite  materials  are  relatively  new,  and  their 
basic  structural  behavior  is  still  being  determined. 

o  In  complex  structural  applications  involving  either  isotropic 
or  anisotropic  materials,  mere  surface  strain  measurements  do 
not  always  provide  sufficient  information  to  determine  how 
the  load  is  distributed  internally. 

o  The  design  of  filamentary  composite  structures  requires  more 
analysis,  both  theoretical  and  experimental,  than  is  required 
for  isotropic  structures. 

o  Filamentary  composite  structural  applications  will  usually  be 
sophisiticated  and  critical,  thus  justifying  extensive  struc¬ 
tural  analysis. 

o  Thorough  analysis  of  composite  materials  may  require  analysis 
of  individual  ply  contributions  to  the  characteristics  of  the 
overall  structure. 

o  In-service  structural  measurements  can  be  made  without  dis¬ 
turbing  the  surface. 

Development  of  a  means  to  measure  internal  strains  in  fila¬ 
mentary  composites  is  also  stimulated  by  the  fact  that  composite 
fabrication  procedures  offer  the  opportunity  to  install  internal 
strain  sensing  devices. 

PROGRAM  OBJECTIVE 


The  primary  objective  of  this  program  was  to  evaluate  and 
verify  the  response  of  strain  gages  embedded  in  uniaxial  tension 
loaded  boron-epoxy  coupons  using  a  technique  developed  during  an 
earlier  effort  by  the  IIT  Research  Institute  {Reference  1) . 
Secondary  objectives  included  investigation  of  curing,  strain 
gage  embedment  and  interlaminar  shear  effects  and  reporting  of 
materials  property  data.  Other  secondary  efforts,  which  were 
funded  by  The  Boeing  Company,  included  investigation  of  single¬ 
wire  strain  gages  and  acoustic  emission. 
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SECTION  II 


PROGRAM  SUMMARY 


GENERAL 


The  objectives  of  this  program  were  directed  toward  estab¬ 
lishing  reliable  techniques  for  measuring  internal  strains  in 
filamentary  composites.  Over  110  specimens  were  tested  and  over 
2300  strain  gage  elements  were  installed  and  their  outputs  plot¬ 
ted.  Detailed  procedures  and  results  are  described  in  Sections 
V  and  VI  and  discussed  in  Sections  VII  and  VIII.  The  program 
and  the  results,  which  showed  that  internal  strains  could  be 
reliably  measured,  are  summarized  in  this  section. 

PROGRAM  DESCRIPTION 


This  program,  based  upon  the  fabrication  and  testing  of 
boron-epoxy  specimens  containing  embedded  strain  gages,  was 
divided  into  two  tasks.  Task  I  was  an  investigative  study  and 
Task  II  consisted  of  evaluations. 

Figure  1  describes  the  specimens  and  types  of  tests  used 
for  the  Task  I  investigative  study.  Four  specimens  (Type  IA) 
were  fabricated  and  tested  to  investigate  the  effects  of  em¬ 
bedding  strain  gages  on  tensile  specimen  properties  and  to 
investigate  the  acoustic  emission  phenomenon.  Four  four-point- 
load  flexural  specimens  (Type  IB)  were  fabricated  to  investigate 
the  effects  of  embedding  strain  gages  upon  flexural  specimen 
properties  and  to  investigate  Boeing-built  single-wire  strain 
gages.  Six  specimens  (Type  IC)  were  fabricated,  using  various 
elevated  temperature  cures,  and  tested  to  investigate  curing 
effects.  Three  specimens  (Type  ID)  were  fabricated  and  tested 
to  investigate  embedded  strain  gage  response  in  an  unbalanced 
laminate. 

Figure  2  describes  the  ninety-one  specimens  that  were  fab¬ 
ricated  and  tested  in  the  Task  IIA  evaluations.  These  specimens, 
which  were  all  tested  in  tension  to  failure,  were  comprised  of 
three  thickness  groups  -  five-ply,  seven-ply  and  nine-ply.  Each 
of  the  three  thickness  groups  was  comprised  of  six  types  of 
specimens;  each  of  the  types  having  different  ply  orientations. 
With  two  exceptions,  five  specimens  of  each  type  (orientation) 
were  fabricated  and  tested.  Strain  gages  were  bonded  to  both 
surfaces  and  were  installed  in  all  interply  spaces  of  all  Task 
IIA  specimens. 

Figure  3  describes  the  four  specimens  that  were  fabricated 
and  tested  for  Task  IIB.  These  specimens  were  twenty-one  plies 
thick.  Each  specimen  had  four  three-element  strain  gages  bonded 
to  the  surfaces  and  contained  ten  embedded  three-element  rosette 
strain  gages.  All  four  specimens  were  tested  to  failure  in  four- 
point-load  bending. 
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The  physical  configurations  of  the  tension  and  four -point- 
load  flexural  bending  specimens  are  shown  in  Figures  4  and  5 
respective ly. 

Strain  gage  outputs  from  all  tests  were  recorded  on  mag¬ 
netic  tape,  plotted  versus  either  load  or  stress,  analyzed  and 
correlated.  Over  one-third  of  all  the  specimens  fabricated  were 
sectioned  and  microphotographed. 

RESULTS 

Investigative  Study 

The  Task  I  investigative  studies  are  explained  in  detail  in 
Section  V;  the  results  are  briefly  summarized  below; 

°  The  boron  filaments  were  electrically  conductive  and  the  strain 
gage  elements  and  lead  wires  required  encapsulation  to  obtain 
reliable  embedded  strain  gage  performance. 

o  One-half  volt  excitation  across  a  0.125  inch  (0.3175  centimeter) 
long,  350  ohm  embedded  strain  gage  element  did  not  cause  any 
significant  heating  effect. 

o  Time  and  temperature  variations  in  specimen  curing  did  not 
affect  strain  gage  performance.  In  addition,  the  variations 
did  not  affect  the  specimen  strength  properties. 

o  Embedding  strain  gages  in  tensile  specimens  did  not  have  any 
detectable  effect  on  specimen  strength  properties.  However, 
there  were  a  few  specific  cases  in  which  the  embedded  strain 
gages  were  affected  during  curing. 

°  Embedding  strain  gages  in  21-ply  flexure  specimens  did  not 
have  any  detectable  effect  on  the  specimen  load  responses. 

o  Boeing-built  single  element  wire  strain  gages  were  easy  to 
install  and  performed  adequately. 

o  The  acoustic  emission  data  presented  here  are  not  extensive 
or  conclusive.  Acoustic  response  varied  considerably  among 
specimens  of  the  same  type  as  well  as  among  specimens  of 
different  ply  orientations. 

°  Strain  gages  embedded  in  specimens  with  an  unbalanced  ply 
orientation  performed  similarly  to  gages  embedded  in  balanced 
specimens. 

Evaluations 


The  Task  II  evaluations  are  explained  in  detail  in  Section 
VI  and  discussed  in  Sections  VII  and  VIII.  The  results  are 
briefly  summarized  below: 


4 


o  in  tensile  specimen  tests,  the  outputs  of  embedded  strain 

gages  compared  closely  with  the  outputs  of  strain  gages  bonded 
to  the  respective  specimen  surfaces.  Over  2000  strain  gage 
elements  were  used  to  verify  this  result. 

o  in  flexural  specimen  tests,  the  outputs  of  embedded  strain 
gages  in  both  the  shear  and  shear-free  sections  varied  lin¬ 
early  through  the  thickness  in  a  manner  consistent  with 
strain  gages  bonded  to  the  respective  specimen  surfaces. 

Over  160  strain  gage  elements  were  used  to  verify  this  re¬ 
sult. 

Material  Properties 

Laminate  static  property  data  based  on  surface  strain  gage 
measurements  were  determined  for  each  tensile  specimen  tested  in 
Task  IIA.  This  data  includes  modulus,  ultimate  limit  and  pro¬ 
portional  limit  (when  evident)  values  and  compares  closely  with 
both  SALC  (Structural  Analysis  of  Laminated  Composites  -  see 
Reference  2)  computer  code  data  and  with  data  available  in  the 
Air  Force  Materials  Laboratory's  "Structural  Design  Guide  for 
Advanced  Composite  Application". 

Static  property  data  are  discussed  in  Section  VII  and  listed 
on  forms  in  Appendix  A. 
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SECTION  III 


SPECIMEN  FABRICATION  AND  STRAIN  GAGE  INSTALLATION 


BORON-EPOXY  TAPE  SYSTEM 

All  of  the  test  specimens  used  in  this  program  were  fabri¬ 
cated  from  three  inch  (7.62  cm)  wide  Rigidite  5505/4  boron-epoxy 
tape  obtained  from  the  Avco  Systems  Division  of  Avco  Corporation. 
The  continuous  boron  filaments  for  this  tape  are  formed  by  chem¬ 
ical  vapor  plating.  This  method  consists  of  passing  a  small 
tungsten  wire  through  a  reactor  into  which  is  introduced  boron- 
containing  reactant  gases.  High  temperatures  on  the  surface  of 
the  tungsten  wire,  created  by  resistive  heating,  cause  decom¬ 
position  of  the  boron-containing  gas  and  result  in  deposition 
of  elemental  boron  on  the  tungsten. 

The  tape  is  fabricated  by  impregnating  carefully  collimated 
boron  filaments  with  an  epoxy  resin.  A  thin  scrim  cloth  (Style 
104  glass  fabric)  is  included,  on  one  side  of  the  tape,  and  the 
epoxy  is  partially  cured  (B-staged)  in  order  to  maintain  filament 
spacing  and  ease  of  handling.  The  boron  filaments  in  the  Rigi¬ 
dite  5505/4  tape  are  0.004  inches  (0.01016  cm)  in  diameter,  the 
scrim  cloth  is  0.001  inches  (0.00254  cm)  thick  and  the  nominal 
overall  tape  thickness  is  0.0052  inches  (0.01321  cm).  The  tape 
is  furnished  in  rolls  with  a  removable  backing. 

The  tape  used  in  this  program  was  described  by  the  manu¬ 
facturer  as  follows: 


Avco  5505/4  boron-epoxy  tape  3.0  inches  (7.62  cm)  wide 


Batch  45 

Lot  6 

Batch  Flow  9.02 

Batch  Vols  .63 

Tack  Good 


The  tape  was  inspected  for  filament  breakage,  filament 
count  and  spacing,  resin  content,  resin  flow,  tack  and  overall 
uniformity  (filament  separation,  curling,  etc.)  in  accordance 
with  Boeing  Material  Specification  BMS  8-131G  (Reference  3) .  A 
ten-ply  unidirectional  0°  composite  laminate  was  fabricated  and 
cured  two  hours  at  350°F  (177°  Celsius)  under  85  psi  (58.6  x  10^ 
Newtons/meter 2)  in  an  autoclave,  also  in  accordance  with  BMS 
8-131G.  The  inspection  and  test  results  are  compared,  below, 
with  Air  Force  Design  Guide  Data  (Reference  4) : 
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PREPREG: 


A.F.  DESIGN 
GUIDE  SPEC.  ACTUAL 


1. 

Filament  Count,  per  inch 

208 

208 

,  per  cm 

81.89 

81.89 

2. 

Resin  Content,  %  by  wt. 

33±3 

30.5 

3. 

Weight,  grams/feet2 

— 

25.6 

2 

,  kilograms/meter 

— 

.2756 

4. 

Flow,  % 

14  +  5 

4.8 

5. 

Volatile  Content,  % 

2.0 

3.5 

6. 

Tack 

Good 

Good 

COMPOSITE  LAMINATE ,  +70°F  (+21.1°C)  : 

TYPICAL 
A.F.  DESIGN 
GUIDE  DATA 

ACTUAL 

1. 

Tensile  Strength,  psi 

188,000 

196,200 

,  MN/m2 

1,296 

1,353 

2. 

Tensile  Modulus,  10^  psi 

30 

28.6 

,  GN/m2 

206.8 

197.2 

3. 

Flexural  Strength,  psi 

234,300 

275,500 

,  MN/m2 

1,615 

1,900 

4. 

Flexural  Modulus,  106  psi 

28 

28.7 

,  GN/m2 

193 

198 

5. 

Interlaminar  Shear  Strength,  psi 

14,000 

14,248 

,  MN/m2 

96.5 

98.237 

6. 

Thickness  per  ply,  inch 

0.0052 

0.005 

,  cm 

0.0132 

0.0127 

7. 

Density,  lb/in3 

0.0725 

0.0761 

,  kg/m3 

2007 

2106 

The  bleeder  materials  specified  in  the  Air  Force  Design  Guide 
were  not  available  for  the  flow  tests  and  therefore  the  actual  and 
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specified  flow  values  could  not  be  compared  on  the  same  basis. 
Although  the  actual  flow  value  was  lower,  the  flow  was  considered 
adequate  based  on  appearance  and  laminate  quality.  The  volatile 
content  was  also  high,  but  was  not  considered  excessive  enough 
to  reject  the  prepreg  tape. 

STRAIN  GAGE  DESCRIPTIONS 

Surface  Strain  Gages 


All  surface  strain  measurements  were  made  with  Micro- 
Measurements  Type  EA-05-125RD-350  Option  W  strain  gages.  This 
gage  is  a  general-purpose  three  element  45®  rectangular  rosette. 
(These  gages  are  referred  to  in  this  report  as  "EA-Option  W" 
rosettes  and  the  three  gages  in  each  rosette  are  referred  to  as 
0°,  45°  or  90°  elements  -  or  respectively  as  A,  B  or  C  legs 
after  the  rosettes  have  been  installed.)  The  rosette  elements 
are  0.125  inches  (0.3175  cm)  long  and  are  made  of  a  constantan 
alloy.  The  EA-Option  W  rosette  has  integral  printed  circuit 
terminals  and  polyimide  encapsulation;  total  thickness  is  over 
0.002  inches  (0.00508  cm).  Gage  factors  of  the  elements  were 
2.10  ±  0.5%,  2.12  ±  0.5%  (45®  element)  and  2.10  ±  0.5%.  Trans¬ 
verse  sensitivities  were  +0.6,  +0.5  (45®  element)  and  +0.6. 

Embedded  Rosette  Strain  Gages 

Three-element  45®  strain  gage  rosettes  with  special  lead 
wires  and  insulation  were  furnished  by  Micro -Measurements  for 
embedment  in  the  boron-epoxy  specimens  in  this  program.  They 
are  designated  Type  QA-05-125RD-350  Option  B-110.  (These  gages 
are  referred  to  in  this  report  as  ”QA  rosettes"  and  the  three 
constituent  gages  in  each  rosette  are  referred  to  as  0®,  45°  or 
90®  elements  -  or  as  A,  B  or  C  legs  after  the  rosettes  have 
been  installed.)  These  gages  are  similar  to  the  EA-Option  W 
rosettes  described  above  except  that  the  polyimide  encapsulation 
thickness  is  reduced  so  that  the  nominal  overall  gage  thickness 
is  0.0011  inches  (0.002794  cm)  and  they  have  integral,  insul¬ 
ated  lead  wires  as  shown  in  Figure  6.  Gage  factors  of  the 
individual  elements  were  2.105  ±  0.5%,  2.135  ±  0.5%  (45®  ele¬ 
ment),  and  2.105  ±  0.5%.  Transverse  sensitivities  were  +0.4, 
+0.2  (45®  element)  and  +0.4. 

QA  rosettes  were  used  for  all  of  the  embedded  strain  gage 
evaluations  in  this  program  except  for  the  parts  of  Task  IB 
that  involved  the  evaluation  of  single-element  wire  gages. 

Single-Element  Wire  Strain  Gages 

These  gages  were  fabricated  at  Boeing  specifically  for 
evaluation  in  Task  IB  of  this  program.  They  were  made  in  three 
configurations  to  allow  strain  measurements  at  0®,  45®  and  90® 
to  the  specimen  loading  axis  as  shown  in  Figure  7.  The  strain- 
sensitive  wire  used  for  these  gages  was  purchased  from  Molecu- 
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Wire  Corporation  and  is  described  below: 


Electrical  Alloy 
Conductor  Diameter 

Resistance 


Moleculoy  III 

0.00045  inches 
(0.001143  cm) 

3759  ohms/ft 
(12,333  ohms/meter) 


Temp.  Coef.  of  Res.  -7.2  ppm/°F 

(-4  ppm/°C) 

Insulation  Hi-Mol  (Polyimide) 

The  material  used  for  the  lead  wires  was  purchased  from 
California  Fine  Wire  Company  and  consisted  of  0.0156  inches 
(0.03962  cm)  wide  by  0.0007  inch  (0.001778  cm)  thick  nickel-clad 
copper  ribbon  with  a  0.00015  inch  (0.000381  cm)  thick  polyimide 
coating.  The  strain  sensitive  wire  was  soldered  to  the  lead 
wire  (ribbon)  using  an  active  acid  flux.  After  cleaning  the 
soldered  connections,  the  gages  were  coated  with  a  polyquinox- 
aline  varnish.  The  gages  were  fabricated  to  be  160  ±  1  ohms, 
which  results  in  an  active  gage  length  of  approximately  0.5 
inches  (1.27  cm).  The  gage  factor  (determined  empirically  by 
comparisons  with  commercial  strain  gages)  was  2.14  ±  4.7%. 


PHYSICAL  DESCRIPTION  OF  TEST  SPECIMENS 


All  of  the  specimens  used  in  this  program  were  10  inches 
(25.4  cm)  long  and  1.0  inch  (2.54  cm)  wide  with  straight  sides. 
Specimens  were  fabricated  for  two  types  of  tests  -  tensile  and 
four-point- load  flexure.  Tensile  specimens  were  fabricated  in 
thicknesses  of  five,  seven  and  nine  plies  with  bonded  fiberglas 
doublers  on  the  ends  as  shown  in  Figure  4.  The  twenty-one  ply  0° 
unidirectional  flexural  specimens  are  shown  in  Figure  5. 

The  tables  in  Figures  1,  2  and  3  list  all  of  the  load  speci¬ 
mens  used  in  the  program.  These  tables  also  assign  specimen 
numbers  to  each  of  the  specimens  and  show  their  number  of  plies 
and  ply  orientations.  Note  that  the  orientations  for  the  tensile 
specimens  consisted  of  combinations  of  0°,  ±45°  and  90°  plies 
referenced  to  the  loading  axis. 

SPECIMEN  FABRICATION 


General 


EA-Option  W  rosettes  were  bonded  to  the  surfaces  of  all 
specimens  tested.  With  the  exception  of  two  Task  IB  specimens 
(IB-1  and  IB-2) ,  all  test  specimens  in  this  program  contained 
some  embedded  QA  rosettes  and  the  specimens  for  Task  IIA  con¬ 
tained  QA  rosettes  in  all  i.nterply  spaces.  Detailed  lay-up 
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procedures  for  those  specimens  with  embedded  QA  rosettes  are 

described  below: 

Strain  Gage  Locations  and  Orientations  (QA  Rosettes) 

(a)  Strain  Gage  Orientation  Criteria 

The  criteria  used  for  orienting  the  three —element  rosettes 
in  and  on  the  tensile  specimens  required  one  element  to  be 
parallel  with  the  load  (leg  A) ,  one  element  45°  to  the 
load  (leg  B)  and  one  element  90°  to  the  load  (leg  C) . 

When  the  rosette  was  embedded  between  +45°  and  -45°  plies, 
the  45°  element  was  oriented  parallel  to  the  filaments  of 
the  ply  in  which  the  scrim  cloth  was  removed;  at  other 
locations  (including  the  surfaces)  the  45°  element  was 
oriented  parallel  to  the  filaments  of  the  nearest  45°  ply. 

In  unidirectional -ply  specimens  the  0°  and  90°  elements 
were  oriented  parallel  to  the  length  and  width  of  the 
specimens  respectively  and  the  45°  element  orientation  was 
based  on  lead  wire  exit  convenience. 

(b)  Embedded  Gage  Stacking  and  Staggering 

Stacking  refers  to  placing  the  embedded  gages  one-over-the- 
other  on  adjacent  plies;  staggering  refers  to  longitudinally 
displacing  the  gages  just  enough  so  that  they  are  not  one- 
over-the-other  on  adjacent  plies.  Staggered  gages  are  one- 
over-the-other  in  alternate  interply  locations.  Embedded 
gages  were  staggered  in  all  of  the  Task  IIA  specimens  ex— 
cept  for  specimens  5A-1,  5A-2,  5A-3 ,  5A-4f  5B-lf  5B-2,  5B-4 
and  5B-5,  which  had  stacked  gages. 

(c)  Specimen  Indexing  and  Lead  Wire  Exit  Systems 

Figures  8  and  9  show  the  stacked  and  staggered  strain  gage 
orientations  and  lead  wire  exits,  respectively.  Figures  10 
and  11  describe  stacked  and  staggered  gage  lead  wire  exits 
further  and  show  how  the  surface  and  embedded  strain  gages 
were  assigned  numbers.  Specimen  number  decals  mounted  on 
the  upper  end  of  the  top  ply  of  each  specimen  served  as 
index  marks. 

(d)  Fabrication  Records 

Fabrication  records  indicating  the  specimen  number,  number 
of  plies,  ply  orientations,  gage  locations,  gage  orienta¬ 
tions  and  date  of  fabrication  were  used  to  prepare  and 
lay-up  the  boron-epoxy  tape.  A  typical  record  is  shown  in 
Figure  12. 

Tape  Preparation,  Gage  Installation  and  Lay-Up  (QA  Gages) 

Without  removing  the  backing  paper,  the  three-inch  wide 
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boron-epoxy  tape  was  cut  so  as  to  form  strips  one  inch  (2.54  cm) 
wide  and  ten  inches  (25.4  cm)  long  with  filament  orientations  of 
0°,  -45°,  +45°  and  90°  as  shown  in  Figure  13. 

Using  an  aluminum  template,  the  scrim  cloth  and  resin  were 
removed  to  make  room  for  an  un trimmed  QA  rosette  and  its  leads 
(Figure  14) .  Rosette  gages  were  installed  on  the  plies  using  the 
ply  filaments  for  alignment  and  the  tack  of  the  B-staged  epoxy 
resin  to  hold  them  in  place  (Figure  15) .  Figure  16  shows  the 
plies  used  to  fabricate  specimen  IC-4  with  gages  on  the  third, 
fifth  and  seventh  plies.  The  plies  were  laid-up  with  the  edges 
carefully  aligned  and  the  strain  gage  lead  wires  were  bent  up, 
or  down,  around  the  specimen  in  accordance  with  the  fabrication 
record.  FEP  teflon  film  0.0005  inches  (0.00127  cm)  thick  was 
used  to  separate  the  leads  from  the  specimen  and  from  each 
other.  The  top  of  specimen  IC-6  and  the  bottom  of  specimen  IC-5 
are  shown  (prior  to  being  cured)  in  Figure  17. 

Mold  Cavity  Assembly  and  Bagging 

Figure  18  shows  the  carbon  steel  mold  cavity  which  was  used 
for  this  program.  It  was  used  to  cure  up  to  five  specimens  at 
one  time  and  was  disassembled  to  permit  careful  removal  of  the 
cured  specimens.  Surfaces  of  the  mold  cavity  that  were  in  con¬ 
tact  with  the  specimen  were  coated  with  MS-122  fluorocarbon 
release  agent  lubricant  made  by  Miller-Stephenson  Chemical  Co. 

Assembled  specimens  were  placed  directly  into  the  mold 
cavities.  One  strip  of  teflon  coated  vent  cloth  (Style  TX  1040, 
made  by  Pal If lex  Products  in  Putnam,  ConnJ,  and  two  to  four 
strips  of  Style  116  glass  cloth  were  placed  between  the  specimen 
and  steel  plunger.  Type  181  glass  cloth  was  used  between  the 
mold  cavity  and  the  nylon  film  bagging  material. 

The  photograph  in  Figure  19  shows  two  specimens  installed 
in  the  mold  cavity,  one  in  the  process  of  being  installed,  a 
temperature  control  thermocouple  mounted  on  a  lay-up  segment, 
an  empty  cavity,  the  bagging  materials,  and  bleeder  vent.  Figure 
20  shows  the  bagged  mold  cavity  with  vacuum  applied  to  the 
bleeder  vent. 

Other  Lay-Up  Procedures 

The  procedures  for  laying-up  the  specimens  with  embedded 
single-element  strain  gages  and  for  laying-up  the  specimen  with 
no  embedded  gages  (Specimen  IB-1)  were  similar  to  those  described 
above.  Figure  21  shows  three  single-element  wire  strain  gages 
installed  on  a  ply  with  the  scrim  cloth  removed. 

Specimen  Curing 

With  the  exception  of  the  specimens  used  for  the  Task  IC 
cure  investigation  (see  Section  V) ,  all  of  the  specimens  in  this 
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program  were  cured  in  an  autoclave  equipped  with  a  single  heated 
platen,  as  described  below: 

The  autoclave  platen  was  pre-heated  to  350°F  (177 °C) .  While 
outside  of  the  autoclave,  the  bleeder  valve  of  the  bagged  mold 
cavity  was  connected  to  a  vacuum  line  which  extended  through  the 
autoclave  and  the  pressure  was  reduced  to  less  than  4  psia 
(27,600  N/m2  absolute).  The  mold  cavity  was  then  placed  in  the 
autoclave  on  the  pre-heated  platen  and  the  autoclave  pressure 
was  increased.  At  a  pressure  of  between  20  and  30  psig  (138,000 
and  207,000  N/m2  gage)  the  vacuum  pump  was  shut  off  and  the 
bleeder  valve  vented  to  atmosphere,  after  which  the  autoclave 
pressure  was  increased  to  85  psig  (586,000  N/m2  gage).  The  platen 
temperature  was  controlled  to  maintain  a  specimen  temperature  of 
350°F  (177°C)  for  2  hours.  All  curing  cycle  temperatures  were 
continuously  recorded  on  a  strip  chart  recorder. 

Surface  Strain  Gage  Application 

EA-Option  W  rosettes  were  bonded  with  Micro-Measurements 
Type  M-Bond  200  adhesive  to  both  surfaces  of  all  specimens.  The 
surfaces  were  first  abraded  lightly  using  Scotch-Brite  Type  A 
447  industrial  pads  then  cleaned  with  Micro-Measurements  M-Prep 
Neutralizer  5.  A  typical  surface  strain  gage  installation  is 
shown  in  Figure  22. 

Lead  Wire  Connections 


Terminal  brackets  comprised  of  printed  circuit  connectors 
and  special  printed  circuits  were  used  for  this  program.  Figure 
23  shows  a  specimen  with  a  terminal  bracket  installed;  the  upper 
bracket  crosspiece  was  fastened  tight  against  the  specimen,  but 
a  spacer  between  the  lower  crosspiece  and  the  bracket  permitted 
the  specimen  to  elongate  without  being  constrained  by  the  bracket. 

Electrical  Measurements 


The  resistances  of  all  strain  gage  elements  and  the 
resistances  between  all  embedded  gages  were  measured  and 
after  specimen  curing. 


leakage 

recorded 
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SECTION  IV 


TEST  EQUIPMENT  AND  PROCEDURES 


LOAD  APPLICATION 


A  Baldwin  120  kip  (554,000  Newton)  universal  test  machine 
was  used  to  apply  loads  to  all  tensile  and  flexural  specimens. 
This  test  machine  applies  and  reacts  specimen  loads  using  two 
independent  hydraulic  systems.  Specimen  load  measurements  were 
obtained  from  a  calibrated  integral  strain  gage  based  pressure 
transducer  that  sensed  reaction  load  pressures.  Load  transfer 
to  the  tensile  specimens  was  accomplished  with  hydraulically 
actuated  shear  grips.  The  test  machine  and  hydraulic  grips  are 
shown  in  Figures  24  and  25. 

The  four-point  flexural  loading  was  accomplished  using  the 
fixture  shown  in  Figure  26. 

An  MTS  load  control  system  provided  strain-rate  control  for 
the  specimen  tests.  Tensile  specimens  were  tested  at  the  rate 
of  0.05  inches  (0.127  cm)  per  minute  and  flexural  specimens  were 
loaded  at  a  loading-head  rate  of  0.2  inches  (0.508  cm)  per  min¬ 
ute  . 


A  pre-load  of  between  0.5%  and  1.0%  full  load  was  applied 
to  each  tensile  specimen  prior  to  the  start  of  the  constant 
strain  rate  loading. 

DATA  ACQUISITION  AND  PLOTTING 


The  strain  gages  were  connected  to  form  a  four -arm  Wheat¬ 
stone  bridge  using  precision  resistors  with  resistance  tolerances 
of  ±0.1%  and  temperature  coefficients  of  ±0.6  ppm/°F  (±0.33  ppm/ 
°C)  for  the  three  completion  arms.  The  majority  of  the  strain 
gage  and  load  signals  were  recorded  using  the  40-channel  Hew¬ 
lett-Packard  Model  2012  data  logging  system  shown  in  Figure  27. 
(An  NLS,  Inc.  data  system  was  used  in  addition  to  the  Hewlett- 
Packard  system  for  the  flexural/interlaminar  shear  tests  when 
the  required  number  of  data  channels  exceeded  forty.)  The  Hew¬ 
lett-Packard  system  consisted  of  a  40-channel  reed  relay  scanner, 
an  integrating  digital  voltmeter,  an  incremental  digital  tape 
recorder  and  a  digital  clock.  The  system  full-scale  input  range 
was  100  mv  and  the  resolution  was  1  pvolt.  The  sampling  rate 
used  was  40  samples  per  second  and  the  record  interval  for  each 
channel  was  one  per  second.  The  system  recorded  data  in  a  digi¬ 
tal  format  on  0.5  inch  (1.27  cm)  magnetic  tape. 

An  SDS  910  computer-based  data  system  was  used  to  process 
the  strain  gage  and  load  data  from  the  magnetic  tape.  The  com¬ 
puter  output  was  in  the  form  of  8.5  x  11  inch  (21.6  x  27.9  cm) 
graphs  with  the  axes  appropriately  labeled.  Plotting  was  accom¬ 
plished  with  a  California  Computer  Products,  Inc.  Model  565 
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plotter. 

Extensometer  and  loading  head  deflections  were  recorded  on 
a  drum  recorder  as  functions  of  load. 
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SECTION  V 


TASK  I  INVESTIGATIVE  STUDIES 
LEAKAGE  AND  SHORTING  RESISTANCE 


Prior  to  fabricating  specimens  for  Tasks  I  or  II,  boron- 
epoxy  sample  laminates  were  laid-up  and  cured.  These  sample 
laminates  contained  embedded  Micro -Measurements  Type  EA-05- 
125RD-350  open-faced  three— element  rosette  strain  gages  and 
bare  nickel-clad  copper  ribbon  0.0156  inches  (0.0396  cm)  wide 
and  0.001  inches  (0.00254  cm)  thick.  The  sample  laminates  rep¬ 
resented  variations  in  gage  and  ply  orientations,  scrim  cloth 
removal,  gages  with  bare  ribbon  leads  and  just  bare  ribbon  in¬ 
stalled  between  the  same  two  plies  and  between  different  plies. 

Resistances  measured  between  gage  elements  and  between  lead 
wires  were  as  low  as  3000  ft.  Rosette  element  resistances  which 
were  350  ft  prior  to  being  embedded  were  measured  as  low  as  300  ft 
after  being  embedded  and  cured.  Meaningful  quantitative  resis¬ 
tance  values  were  impossible  to  obtain  because  the  measured 
resistance  values  varied  with  the  magnitude  and  polarity  of  the 
voltage  used  to  make  the  measurement. 

An  open-faced  rosette  was  bonded  to  a  piece  of  stainless 
steel  after  which  B-staged  resin  was  removed  from  a  piece  of 
boron-epoxy  tape,  applied  over  all  three  rosette  elements  and 
cured  at  350 °F  (177 °C)  for  two  hours.  Subsequent  measurements 
showed  that  the  gage  element  resistances  were  350  ±  1ft  and  the 
resistances  between  gage  elements  were  greater  than  50  k  megohms. 

Fabrication  and  evaluation  of  additional  sample  laminates 
to  investigate  electrical  insulation  techniques  showed  that 
0.0005  inch  (0.00127  cm)  thick  Kapton  sheet  could  successfully 
insulate  the  gage  and  lead  wires. 

This  study  showed  that  the  boron  filaments  were  semi-con¬ 
ductors  and  that  positive  electrical  insulation  was  required  for 
embedded  strain  gages  in  order  to  make  consistent,  reliable 
strain  measurements.  These  results  led  to  the  procurement  of 
the  specially  insulated  QA  rosette  gages  shown  in  Figure  6. 

STRAIN  GAGE  BRIDGE  VOLTAGE 


The  effect  of  bridge  voltage  on  embedded  strain  gage  elements 
was  investigated  using  a  seven-ply  laminate  with  QA  rosettes  em¬ 
bedded  in  all  inter ply  spaces  and  EA  Option  W  rosettes  on  both 
surfaces.  Determination  of  the  bridge  voltage  effects  were  based 
on  the  rosette  element  outputs  as  functions  of  bridge  voltage 
with  no  load  on  the  specimen.  All  rosette  elements  were  connected 
to  precision  resistors  (see  Section  IV)  to  form  Wheatstone  bridge 
circuits.  The  circuits  were  first  balanced  with  0.5  volts  exci¬ 
tation  across  the  bridges,  then  the  excitation  voltages  were 
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increased  in  0.25  volt  increments  at  15  minute  intervals  up  to 
2.25  volts.  At  2.25  volts  the  bridge  circuits  were  re-balanced 
and  the  bridge  excitations  were  returned  to  0.5  volts.  The 
bridge  outputs  were  then  balanced  with  1.0  volts  excitation, 
after  which  the  excitation  was  reduced  to  0.5  volts.  Bridge 
outputs  were  recorded  after  each  15  minute  interval  and  the 
increase  in  bridge  sensitivity  with  increased  bridge  excita¬ 
tion  was  taken  into  account. 

The  maximum  bridge  voltage  effect  at  2.25  volts  excitation 
(in  equivalent  ye)  was  5  ye.  No  effects  were  detectible  below 
1.75  volts.  After  15  minutes  with  2.25  volts  excitation  on  all 
bridges,  the  specimen  did  not  feel  warm  to  the  touch. 

As  a  result  of  this  investigation,  a  bridge  voltage  of  1.0 
volts  was  used  for  all  strain  gages  throughout  this  program. 

(The  recording  system  used  in  this  program  afforded  a  resolution 
of  approximately  2  ye  with  a  1.0  volt  bridge  excitation.)  Addi¬ 
tionally,  it  was  decided  that  embedded  dummy  gages  were  not 
necessary  for  temperature  compensation  and  that  commercial  pre¬ 
cision  resistors  could  be  used  for  Wheatstone  bridge  completion 
arms . 

SURFACE  STRAIN  GAGE/EXTENSOMETER  COMPARISON 

The  purpose  of  this  investigation  was  to  substantiate  the 
use  of  the  surface  strain  gages  for  accurate  measurement  of 
surface  strains. 

An  0.  S.  Peters  Co.  Model  PS-3M  extensometer  with  a  one-inch 
(2.54  cm)  gage  length  was  attached  to  specimens  IC-5  and  IC-6 
during  their  tensile  tests.  The  full-scale  range  of  this  exten¬ 
someter  was  ±  10,000  ye  and  the  certified  inaccuracy  was  ±  1%  of 
full  scale. 

The  center  of  the  extensometer  was  displaced  longitudinally 
from  the  surface  strain  gage  axes  about  1.8  inches  (4.572  cm)  to 
avoid  the  strain  gage  lead  wires.  Specimen  IC-5  failed  at  a 
location  nearly  3  inches  (7.62  cm)  from  the  strain  gages  and  over 
4  inches  (10.16  cm)  from  the  nearest  extensometer  fiducial  point. 
Specimen  IC-6  failed  on  the  opposite  end,  still  nearly  3  inches 
(7.62  cm)  from  the  strain  gages  but  within  0.5  inches  (1.27  cm) 
of  the  nearest  extensometer  fiducial  point. 

The  axial  surface  rosette  element  outputs  from  both  surfaces 
of  both  specimens  and  the  extensometer  outputs  are  plotted  versus 
stress  in  Figure  28.  The  extensometer  output  agreed  with  the 
strain  gage  outputs  within  1%  in  the  specimen  IC-5  test  and  within 
5%  in  the  specimen  IC-6  test. 

Considering  the  extensometer  inaccuracy  and  location  and  the 
specimen  failure  locations  the  strain  gage  outputs  agreed  satis¬ 
factorily  with  the  extensometer  outputs.  On  this  basis,  the  sur- 
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face  strain  gage  outputs  were  used  exclusively  for  determining 
material  property  data  and  for  comparison  with  embedded  strain 
gage  response;  extensometers  were  not  used  in  any  of  the  sub¬ 
sequent  tensile  specimen  tests. 

SPECIMEN  CURING  EVALUATIONS 


Six  nine-ply  tensile  specimens  each  containing  three  em¬ 
bedded  QA  rosettes  and  two  EA  Option  W  rosette  surface  gages 
were  used  to  investigate  cure  variation  effects  on  embedded 
rosette  gages  as  described  for  Task  IC  in  Figure  1. 

Specimen  IC-1  was  cured  for  two  hours  at  350°F  (176.5°C) 
in  an  autoclave  at  85  psig  (586,000  N/m^)  using  circulating  hot 
air.  Specimen  IC-2  was  cured  for  two  hours  at  350°F  (176. 5°C) 
in  an  autoclave  using  a  single  heated  platen.  The  tests  of 
these  two  specimens  showed  that  the  difference  in  heating  tech¬ 
niques  did  not  result  in  significant  differences  in  embedded 
strain  gage  performance  or  in  specimen  strength  characteristics. 
It  was  concluded  that  a  single  heated  platen  could  be  used  for 
the  Task  II  specimen  fabrications. 

Specimens  IC-3  and  IC-4  were  cured  for  two  hours  at  300 °F 
(148 .5°C)  and  375®F  (190. 4 °C)  respectively.  Specimen  IC-5  was 
cured  at  350 °F  (176. 5 °C)  for  1.5  hours  and  specimen  IC-6  was 
cured  at  350°F  (176. 5°C)  for  2.5  hours. 

No  significant  systematic  or  correlative  differences  were 
observed  in  any  of  the  strain  gage  outputs  or  material  properties 
of  the  six  cure  specimens.  All  of  the  rosette  element  outputs 
are  represented  by  the  graph  in  Figure  29.  Figures  30  and  31  are 
microphotographs  of  specimen  IC-1  sectioned  at  90°  to  the  longi¬ 
tudinal  axis  at  the  location  of  the  strain  gages.  Figures  32 
and  33  are  microphotographs  of  a  similar  section  of  specimen 
IC-2.  (EA  rosettes  bonded  to  the  surfaces  of  specimens  IC-1  and 
IC-2  during  specimen  curing  appear  in  Figures  30  through  33  and 
are  discussed  below  in  the  section  discussing  rosette  element 
resistances  after  curing.  Additional  EA  rosette  gages,  bonded  to 
the  surfaces  of  specimens  IC-1  and  IC-2  after  specimen  curing, 
were  used  to  measure  surface  strain  -  see  Figure  25.) 

The  results  of  these  tests  showed  that  the  rosette  gage  per¬ 
formance  was  not  affected  by  gross  cure  variations  and,  in  addi¬ 
tion,  that  the  specimen  structural  properties  were  not  critically 
cure -dependent . 

EMBEDDING  EFFECTS 


Tension  Tests 


Four  seven-ply  tensile  specimens  were  tested  to  determine 
whether  or  not  stacking  embedded  gages  in  all  interply  spaces 
affected  specimen  structural  response  or  embedded  gage  perform- 
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ance.  These  specimens  were  fabricated  in  pairs  -  specimens  1A-1 
and  I A- 2  contained  one  QA  rosette  embedded  against  the  90°  center 
ply;  specimens  IA-3  and  IA-4  contained  QA  rosettes  embedded  in 
all  interply  spaces ,  stacked  over  one  another ,  and  in  addition 
contained  one  QA  rosette  located  against  the  90°  center  ply  dis¬ 
placed  1.5  inches  (3.81  cm)  from  the  stacked  gages.  EA  Option  W 
rosettes  were  bonded  to  both  surfaces  of  all  four  specimens . 

The  outputs  of  all  the  embedded  rosette  elements  were 
compared  with  each  other;  of  specific  interest  were  the  compar¬ 
isons  of  the  outputs  of  the  "stacked"  gage  elements  mounted 
against  the  90°  center  ply  of  specimens  IA-3  and  IA-4  with  the 
outputs  of  the  "displaced”  gage  elements  in  IA-3  and  IA-4  and 
with  the  outputs  of  the  embedded  gage  elements  in  specimens  IA-1 
and  IA-2 .  No  significant  systematic  or  correlative  differences 
were  observed  in  any  of  the  strain  gage  outputs  or  material 
properties  of  the  four  specimens.  All  of  the  rosette  element 
outputs  are  shown  in  Figure  34.  Figure  35  is  a  microphotograph 
of  specimen  IA-2  sectioned  at  90°  to  the  longitudinal  axis  at 
the  location  of  the  embedded  gage.  Figures  36  and  37  are  micro¬ 
photographs  of  specimen  IA-4  sectioned  parallel  with  the  longi¬ 
tudinal  axis  at  the  displaced  gage  and  stacked  gage  locations 
respectively. 

These  tests  indicated  that  the  stacking  of  embedded  strain 
gages  did  not  affect  the  specimen  structural  response  nor  did  it 
directly  affect  embedded  gage  load  response.  (Stacking  did 
affect  the  embedded  gages,  but  not  in  a  manner  disclosed  by 
these  four  specimen  tests.) 

Flexure  Tests 


Specimens  IB-1  and  IB- 2  were  tested  to  determine  whether  or 
not  embedded  gages  affected  flexural  specimen  structural  res¬ 
ponse.  Specimen  IB-1  contained  no  embedded  strain  gages;  speci¬ 
men  IB- 2  contained  embedded  QA  rosette  gages  against  plies  6, 

10,  11,  12  and  17  at  the  three  locations  shown  in  Figure  5.  EA 
Option  W  rosettes  were  bonded  to  both  surfaces  of  both  specimens 
at  the  same  three  locations.  Loading  was  accomplished  using  the 
apparatus  shown  in  Figure  26. 

Figure  38  shows  the  load  as  a  function  of  loading  head 
travel  for  both  specimens.  Figure  39  shows  all  the  longitudinal 
surface  rosette  element  outputs  of  both  specimens  as  a  function 
of  load.  Figure  40  is  a  microphotograph  of  specimen  IB-2  sec¬ 
tioned  at  90°  to  the  longitudinal  axis  at  a  shear  section  loca¬ 
tion. 


The  structural  responses  of  the  two  specimens  were  similar; 
specimen  IB-2,  containing  the  embedded  gages,  was  slightly 
stiffer  and  slightly  stronger.  The  main  concern  was  that  the 
embedded  gages  might  weaken  the  flexural  specimen  or  cause 
delamination,  but  neither  happened  -  both  specimens  failed  on  the 
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extreme  tension  surfaces,  as  was  predicted.  The  slightly  in¬ 
creased  stiffness  and  strength  of  specimen  IB-2  was  attributed 
to  normal  specimen-to-specimen  property  variations  rather  than 
to  embedded  gage  effects. 

Rosette  Element  Resistances  After  Curing 

The  resistances  of  many  of  the  QA  rosette  gage  elements 
permanently  increased  during  curing.  These  resistance  changes 
were  found  to  be  related  to  embedding  effects  and  to  the  speci¬ 
men  ply  orientations. 

The  resistances  of  the  QA  rosette  elements  prior  to  instal¬ 
lation  were  examined  by  randomly  selecting  thirty  QA  rosette 
gages  from  an  inventory  of  180  gages.  The  resistances  of  all 
of  the  elements  of  these  30  gages  were  within  the  following 
tolerances : 

0°  and  90°  elements  -  351.2  ±  .5  ohms 
45°  elements  -  350.8  ±  .6  ohms 

The  embedded  QA  rosette  element  resistances  of  the  four 
Task  I A  specimens  and  the  five  Task  IIA  Type  7F  specimens  are 
tabled  in  Figure  41.  All  nine  of  these  seven-ply  specimens  had 
the  same  ply  orientations  (0,  ±45,  90,  *45,  0).  Specimens  IA-1 
and  I A- 2  contained  only  one  QA  rosette  each.  Specimens  IA-3 
and  I A- 4  contained  gages  stacked  over  one  another  in  all  inter- 
ply  spaces  and  in  addition  a  displaced  rosette  against  the  90° 
center  ply.  QA  rosettes  were  staggered  in  all  interply  spaces 
of  the  Type  7F  specimens.  Figure  41  shows  that  elements  of  the 
single  rosettes  in  specimens  IA-1  and  IA-2  increased  in  resis¬ 
tance,  that  the  stacked  rosettes  in  specimens  IA-3  and  IA-4 
increased  more  in  resistance  than  the  single  rosettes  in  IA-1 
and  IA-2,  and  that  staggering  the  gages  in  the  Type  7F  specimens 
resulted  in  an  improvement  over  the  stacked  technique.  It  can 
also  be  seen  that  the  B-legs  were  not  affected  to  the  degree 
that  the  A- legs  were  affected. 

The  table  in  Figure  42  shows  the  embedded  QA  rosette  ele¬ 
ment  resistances  of  the  six  Task  IC  specimens  and  the  five  Task 
IIA  Type  9E  specimens.  These  eleven  specimens  had  the  same  ply 
orientations  (0,  90,  ±45,  0,  *45,  90,  0);  the  Task  IC  specimens 
each  contained  three  embedded  rosettes  in  alternate  interply 
locations  while  the  Type  9E  specimens  contained  staggered 
rosettes  in  all  interply  spaces.  Rosette  elements  in  the  Task 
IC  and  Type  9E  specimens  showed  comparable  resistance  increases, 
thus  indicating  that  staggering  the  gages  produced  the  same 
resistance  changes  as  instrumenting  alternate  plies  only. 

The  table  in  Figure  43  shows  the  embedded  QA  rosette  ele¬ 
ment  resistances  of  seven  Task  IIA  Type  5A  (0°  unidirectional 
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filament)  specimens.  All  seven  specimens  contained  QA  rosettes 
in  all  interply  spaces;  the  rosettes  in  5A-1  through  5A-4  were 
stacked  while  those  in  5A-6,  5A-7  and  5A-8  were  staggered.  It 
can  be  seen  from  this  table  that  staggering  reduced  the  resis¬ 
tance  increases  -  especially  in  the  C-legs. 

The  table  in  Figure  44  shows  the  embedded  QA  rosette  ele¬ 
ment  resistances  of  six  Task  IIA  Type  5B  (90°  unidirectional 
filament)  specimens.  All  six  specimens  contained  QA  rosettes  in 
all  interply  spaces;  the  rosettes  in  5B-1,  5B-2,  5B-4  and  5B-5 
were  stacked,  while  those  in  5B-6  and  5B-7  were  staggered.  It 
can  be  seen  that  staggering  reduced  the  resistance  increases  - 
especially  in  the  A-legs. 

The  table  in  Figure  45  shows  the  embedded  QA  rosette  ele¬ 
ment  resistances  of  five  Task  IIA  Type  9A  (0°  unidirectional 
filament)  specimens  and  four  Task  IIA  Type  9B  (90°  unidirectional 
filament)  specimens.  All  nine  specimens  contained  staggered  QA 
rosettes.  The  Type  9A  element  resistances  are  typical  of  the 
staggered  rosette  element  resistances  of  all  orientations  of  the 
Task  II  specimens  with  the  exception  of  the  Type  5B,  7B  and  9B 
(90°  unidirectional  filament)  specimens  which  had  higher  resis¬ 
tances  -  especially  in  the  A-legs.  Figures  46  and  47  are  micro¬ 
photographs  of  specimens  9A-4  and  9B-2  (respectively)  sectioned 
in  the  longitudinal  direction  at  the  gage  locations.  Note  that 
the  gages  and  filaments  in  the  9A  specimen  are  well  aligned  while 
those  in  the  9B  specimen  are  not.  Typically,  filament  distortions 
and  rosette  element  resistance  increases  were  both  greater  in  90° 
unidirectional  filament  specimens  than  in  other  Task  II  specimen 
configurations . 

It  can  be  inferred  that  the  resistance  increases  resulted 
from  predominantly  tension  strains  imposed  on  the  gage  elements 
during  curing  rather  than  from  non-strain  related  changes  in 
strain  gage  properties.  Furthermore,  from  microphotographs,  it 
appears  that  the  resistance  increases  resulted  from  resin  flow 
and  filament  distortions  and  that  they  do  not  necessarily  repre¬ 
sent  residual  or  locked-in  stresses. 

The  QA  rosette  elements  should  be  capable  of  performing  in 
tension  to  over  30,000  ye  without  failing  or  becoming  super¬ 
sensitive  (whereby  the  resistance  increase  results  from  cracks 
in  the  foil  element  rather  than  by  basic  resistivity  and  geo¬ 
metric  effects).  A  strain  level  of  30,000  ye  for  the  QA  elements 
is  equivalent  to  a  22  ohm  change  in  resistance.  An  anomoly 
existed  here  however;  embedded  gage  elements  in  cured  specimens 
with  initial  no-load  resistances  in  excess  of  355  ohms  usually 
became  super sensitive  in  tension.  The  tension  strains  imposed 
were  less  than  7,000  ye  which  would  amount  to  an  additional 
resistance  increase  of  less  than  5.2  ohms.  Further,  the  maximum 
rosette  element  resistance  increases  that  were  found  to  occur 
during  curing  were  about  11  ohms  and  it  appears  that  gage  elements 


20 


opened  under  conditions  that  were  not  any  more  extreme  than  those 
that  caused  an  11  ohm  change.  The  fact  that  rosette  elements 
failed  after  increasing  only  11  ohms,  instead  of  elongating  to  an 
equivalent  22  ohms,  could  be  due  to  sharp  bending  distortions  in 
the  gage  elements  or  to  high  tensile  differential  thermal  expan¬ 
sion  strains  during  the  cure  that  lowered  gage  strain  range  capa¬ 
bilities. 

In  summation,  there  was  a  tendency  for  embedded  gages  to  in¬ 
crease  in  resistance  during  specimen  curing.  The  increase  was 
generally  within  acceptable  limits  (1  or  2  ohms) .  High  resis¬ 
tance  increases  were  found  to  be  related:  a)  to  the  stacking  of 
gages,  one  over  the  other,  in  every  interply  space,  b)  to  speci¬ 
men  configurations,  such  as  the  90°  unidirectional  filament 
specimens,  that  exhibited  filament  distortions,  and  c)  to  gage 
elements  that  were  oriented  with  their  sensitive  axis  at  90°  to 
adjacent  ply  filaments. 

Attempts  to  bond  rosettes  to  the  surfaces  of  specimens  IC-1 
and  IC-2  during  specimen  curing,  using  the  pre-preg  tape  epoxy 
for  adhesion,  resulted  in  rosette  element  resistance  changes  that 
were  generally  larger  than  those  found  in  embedded  gages.  Five 
of  twelve  rosette  elements  "opened"  during  specimen  curing,  one 
increased  ten  ohms  (to  360.8  ohms)  and  four  elements  increased 
over  three  ohms.  These  gages  appeared  to  be  well  bonded  and  did 
not  de-bond  during  testing.  Six  of  the  twelve  rosette  element 
outputs  were  comparable  to  the  outputs  of  rosettes  bonded  after 
specimen  curing  but  the  360.8  ohm  element  was  supersensitive. 

One  of  the  rosettes  bonded  during  curing  is  shown  between  the 
terminal  bracket  crosspieces  in  Figure  25;  all  of  the  surface 
gage  elements  that  appear  in  the  microphotographs  of  Figures  30 
through  33  were  bonded  during  specimen  curing  (the  extremely 
distorted  gage  element  at  the  bottom  of  Figure  33  "opened"  during 
curing)  . 

SINGLE-ELEMENT  WIRE  STRAIN  GAGE  EVALUATION 

Specimens  IB-3  and  IB-4  were  tested  to  evaluate  the  perform¬ 
ance  of  embedded  Boeing-built  single-element  wire  strain  gages 
and  to  compare  their  performance  with  QA  rosette  gages.  (See 
Section  III  for  gage  and  embedment  descriptions.)  Specimen  IB-3 
contained  three  single-element  gages  oriented  at  0°,  45°  and  90°, 
as  shown  in  Figure  21,  against  plies  6,  10,  11,  12  and  17  at  both 
a  shear  and  a  shear-free  section  (see  Figure  5) .  Specimen  IB-4 
contained  embedded  gages  against  plies  6,  10,  11,  12  and  17  at 
the  two  shear  sections:  three  single  element  wire  gages  were  em¬ 
bedded  against  each  of  the  five  plies  at  one  shear  section  and 
QA  rosettes  were  against  the  same  plies  at  the  other  shear  sec¬ 
tion.  EA  Option  W  rosettes  were  bonded  to  both  surfaces  of  both 
specimens  at  the  shear-free  section  and  at  both  shear  sections. 

Typical  single- element  wire  strain  gage  outputs  are  shown  in 
Figure  48  (gages  embedded  against  ply  number  six  in  the  shear-free 
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section  of  specimen  IB- 3) .  The  outputs  of  the  longitudinal  gage 
elements  in  and  on  specimen  IB-3  are  shown  versus  load  in  Figure 
49.  Longitudinal  gage  outputs  plotted  versus  ply  location  (at 
three  specimen  IB-3  loads)  are  shown  in  Figure  50.  Figure  51 
shows  the  normalized  longitudinal  strain  gage  elements  plotted 
as  a  function  of  ply  location  at  a  specimen  IB-3  load  of  150 
pounds  (667.2  Newtons).  The  normalized  values  were  obtained  by 
dividing  the  respective  gage  outputs  by  the  top  surface  gage 
element  output. 

Figures  52  and  53  show  the  longitudinal  single-element  gage 
outputs  and  QA  rosette  element  outputs  (respectively)  plotted 
versus  ply  location  for  three  of  the  specimen  IB-4  loads.  Figure 
54  shows  the  normalized  longitudinal  gage  outputs  versus  ply 
location  for  a  specimen  IB-4  load  of  150  pounds  (667.2  N) . 

These  results  indicate  that  simple  single -element  wire 
strain  gages  perform  comparably  to  commercial  QA  (foil  element) 
rosettes.  Single-element  wire  gages  were  investigated  because 
they  are  capable  of  satisfying  specific  strain  measurement  re¬ 
quirements  (such  as  those  near  holes)  that  cannot  be  satisfied 
economically  by  foil  element  gages. 

ACOUSTIC  EMISSION 

Figure  55  shows  the  acoustic  responses  (total  accumulated 
counts)  of  the  four  Task  IA  tensile  specimens  as  a  function  of 
specimen  strain.  The  acoustic  emission  was  detected  using  an 
Endevco  Model  2225  accelerometer  that  had  an  unmounted  resonant 
frequency  of  80  kHz.  The  accelerometer  was  direct-recorded  on 
a  magnetic  tape  recorder  running  at  30  inches  per  second  (76.20 
cm/second) .  The  magnetic  tape  was  played  back  at  a  reduced 
speed,  and  the  accelerometer  signal  was  re-recorded  on  an  oscil¬ 
lograph.  Acoustic  emissions  (which  were  actually  accelerometer 
resonant  frequency  excitations)  were  manually  counted  on  the 
oscillograph  record. 

Figure  56  shows  the  acoustic  responses  of  the  five  Task  IIA 
Type  7D  specimens.  In  addition  to  the  Endevco  2225  accelerometer 
(used  for  the  Task  IA  specimens)  an  Endevco  Model  2213  accelerom¬ 
eter  with  an  unmounted  resonant  frequency  of  32  kHz  was  mounted 
on  the  specimens.  The  model  2213  accelerometer  signal  was  fre¬ 
quency  modulated  and  recorded  on  the  same  magnetic  tape  recorder 
as  the  Model  2225. 

Figure  57  shows  the  acoustic  responses  of  the  five  Task  IIA 
Type  9A  (0°  unidirectional  filament)  specimens. 

This  acoustic  emission  investigation  was  not  intended  to  be 
comprehensive;  while  it  showed  that  acoustic  emissions  in  boron- 
epoxy  specimens  were  related  to  load  response  it  also  showed  that 
there  are  sometimes  differences  resulting  from  the  type  of  sensor 
used  and  that  there  is  considerable  scatter  in  specimens  of  the 
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same  ply  orientation  (Figure  55)  and  also  considerable  differences 
in  response  between  specimens  of  different  ply  orientations. 

UNBALANCED  LAMINATE 


Three  seven-ply  specimens  with  ply  orientations  of  0/+45/ 
-45/0/+45/-45/0  were  tested  to  investigate  the  performance  of 
embedded  QA  rosette  gages  in  an  unbalanced  laminate.  EA  Option  W 
rosettes  were  bonded  to  both  surfaces  and  QA  rosettes  were  stag¬ 
gered  in  all  interply  spaces  of  all  three  specimens.  The  responses 
of  all  of  the  embedded  gage  elements  were  similar  to  the  respective 
surface  gage  elements  as  shown  in  Figure  58. 
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SECTION  VI 


TASK  II  SPECIMEN  TESTS  AND  DATA 
TASK  IIA  TENSILE  SPECIMEN  TESTS 


Ninety-one  specimens  containing  540  embedded  three-element 
rosette  strain  gages  and  with  182  three-element  rosette  gages 
bonded  to  the  surfaces  were  tested  in  Task  IIA  (see  Figure  2) . 
Fabrication,  testing  and  the  systems  used  for  orienting  and 
identifying  the  rosette  gages  and  their  gage  elements  were  in 
accordance  with  the  descriptions  in  Sections  III  and  IV.  Of  the 
2166  gage  element  outputs  representing  these  tensile  tests,  all 
but  95  are  included  in  the  results.  Ninety-four  out  of  the  95 
were  embedded  gage  elements,  81  out  of  the  95  were  excluded  be¬ 
cause  they  opened  or  increased  excessively  in  resistance  during 
curing  {see  Section  V) .  Fifty  of  the  95  were  embedded  in  uni¬ 
directional  specimens  of  which  37  out  of  the  95  were  embedded  in 
B-type  specimens  that  consisted  of  all-90°  filament  plies.  All 
of  the  excluded  gage  elements  are  listed  in  Figure  59. 

The  "original  data"  from  all  of  the  tensile  specimen  tests 
consisted  of  graphs  of  stress  versus  strain.  Each  of  these 
graphs  represented  the  outputs  of  the  three  elements  of  a 
rosette.  Figures  60  through  65  show  the  "original  data"  from 
the  test  of  specimen  5A-8  and  are  typical  of  the  data  obtained 
from  the  tests  of  the  other  ninety  specimens. 

Static  properties  of  each  specimen  tested  were  determined 
using  the  "original  data"  from  the  surface  strain  gage  elements. 
Modulus  values  were  determined  in  the  usual  manner  by  computing 
the  slope  of  the  axial  gage  element  outputs.  The  static  property 
data  for  all  the  Task  IIA  specimens  are  listed  on  forms  in 
Appendix  A.  All  values  listed  on  these  forms  are  based  on  the 
average  of  two  surface  gage  elements. 

The  91  specimens  in  Task  IIA  consisted  of  18  types  of  speci¬ 
mens.  One  of  the  first  efforts  in  analyzing  the  Task  IIA  data 
consisted  of  combining  the  "original  data"  into  18  graphs  repre¬ 
senting  each  of  the  18  types  of  specimens.  The  solid  lines  rep¬ 
resent  the  extremes  of  the  surface  gage  elements,  the  dashed  lines 
represent  the  extremes  of  the  embedded  gage  elements.  These 
graphs  are  shown  in  Figures  66  through  83. 

The  "original  data"  were  also  combined  into  graphs  represent¬ 
ing  the  gage  outputs  of  individual  specimens.  Figures  84  through 
90  represent  the  gage  outputs  of  specimens  5D-1,  5D-2,  5E-3,  5E-4, 
7A-5,  7E-5  and  9A-1  respectively. 

Axial  gage  element  outputs  (A-legs)  were  plotted  as  a  func¬ 
tion  of  interply  location  at  three  stress  levels  in  Figures  91 
through  100  for  specimens  5D-3,  7A-5,  7C-5,  7F-2,  9A-1,  9A-4, 

9C-2,  9C-4,  9F-1  and  9F-3.  B-leg  and  C-leg  gage  element  outputs 
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were  plotted  as  a  function  of  interply  location  at  three  stress 
levels  in  Figures  101  and  102,  103  and  104,  and  105  and  106  for 
specimens  7F-2,  9A-1  and  9E-5,  respectively.  These  plots  show  ply 
and  gage  orientations.  The  "1"  and  the  "2"  following  the  gage 
orientation  refer  to  the  staggered  location  -  the  ”1"  position  is 
nearest  the  specimen  index  mark  (upper  end  of  the  specimen) . 

Figures  66  through  106  are  used  for  the  discussions  in 
Section  VII.  Some  of  the  data  in  Figures  84  through  106  are 
presented  because  they  are  typical  and  some  are  presented  to 
show  extremes . 

Figure  107  is  a  photograph  of  specimens  5A-1  and  5A-3  after 
having  been  loaded  to  failure.  Figures  108  and  109  are  scanning 
electron  microscope  photographs  of  specimen  5A-6  at  the  location 
of  failure. 

Over  50%  of  the  Task  IIA  specimens  were  sectioned  and  micro- 
photographed  after  having  been  loaded  to  failure.  Figure  110 
shows  a  five-ply  specimen  with  stacked  rosettes.  (Gages  were 
stacked  in  specimens  5A-1  through  5A-4  and  in  specimens  5B-1, 

5B-2,  5B-4  and  5B-5.  Gages  were  staggered  in  all  the  other 
Task  IIA  specimens.)  Figure  111  shows  a  five-ply  specimen  with 
staggered  gages.  Figures  112  and  113  are  microphotographs  of 
specimens  5C-3  and  7B-4  sectioned  longitudinally  and  show  rosette 
element  terminal  connections.  Figure  114  is  a  microphotograph  of 
specimen  7B-5  sectioned  at  45°  to  the  longitudinal  axis. 

TASK  I IB  FLEXURAL/INTERLAMINAR  SHEAR  SPECIMEN  TESTS 

Four  flexural  specimens  (Figure  5)  were  fabricated  and  tested 
in  Task  IIB  to  evaluate  interlaminar  shear  effects  on  embedded 
gage  response.  Each  of  the  specimens  contained  ten  embedded  QA 
rosette  gages  and  four  EA  rosette  surface  gages  as  described  in 
Figure  3  (the  outputs  of  the  B  leg  gage  elements  against  the  sixth 
and  seventeenth  plies  were  not  recorded  so  that  the  total  channels 
would  not  exceed  forty) .  Specimen  fabrication  procedures  are 
described  in  Section  III.  Testing  is  described  in  Section  IV  and 
Figure  26.  The  tests  of  these  Task  IIB  specimens  were  similar  to 
the  test  of  specimen  IB- 2  in  Task  IB  -  see  Section  V. 

The  four  flexural  specimens  were  designated  21-1  through  21-4. 
Figures  115  through  121  show  the  response  of  the  specimen  21-2  gage 
elements  located  at  the  shear-free  section  plotted  versus  load; 
Figures  122  through  128  show  the  response  of  the  gage  elements 
located  at  the  shear  section.  Load  versus  deflection  for  specimen 
21-2  is  shown  in  Figure  129. 

Figure  130  shows  the  specimen  21-2  shear-free  section  longi¬ 
tudinal  strain  element  outputs  as  a  function  of  ply  location  at 
three  load  levels.  Figure  131  shows  the  same  thing  for  the  strain 
elements  located  at  the  shear  section.  The  specimen  21-2  longitud¬ 
inal  gage  element  outputs  (at  both  the  shear  and  shear-free  sec- 
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tions)  were  normalized  by  dividing  the  output  of  each  gage  element 
at  each  section  by  the  respective  top  surface  (compression)  gage 
element  output.  Normalized  outputs  are  plotted  versus  ply  loca¬ 
tion  in  Figure  132. 

The  response  and  gage  outputs  of  specimen  21-2  are  typical 
of  all  four  flexural  specimens  and  are  discussed  further  in  Sec¬ 
tion  VIII. 
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SECTION  VII 


DISCUSSION  OF  TASK  IIA  TENSILE  SPECIMEN  TEST  RESULTS 
EVALUATION  APPROACH 


Anticipated  embedded  strain  gage  problem  areas  and  effects 
were  investigated  first,  in  Task  I,  so  that  the  Task  II  effort 
could  emphasize  strain  gage  performance.  The  approach  used  to 
evaluate  the  embedded  gage  performance  in  Task  IIA  was  primarily 
based  on  comparisons  with  reliable  surface  strain  gage  installa¬ 
tions.  Data  from  all  the  individual  gage  elements,  specimens 
and  specimen  types  were  first  combined,  analyzed  and  then  anal¬ 
yzed  further  in  successively  more  detailed  steps.  This  approach 
reduced  the  total  amount  of  data  that  had  to  be  considered  at 
any  one  time  and  separated  out  the  irregular  data  so  that  its 
analysis  could  be  emphasized. 

The  graphed  gage  output  envelopes  in  Figures  66  through  83 
provided  a  means  to  present  and  evaluate  all  the  Task  IIA  data 
in  a  compact,  convenient  form  and  were  easy  to  generate  from  the 
"original  data".  After  analyzing  the  data  of  Figures  66  through 
83,  graphed  gage  output  envelopes  of  individual  specimens  were 
generated  for  further  analysis  of  gage  performance.  Detailed 
analysis  of  gage  performance  was  made  using  through  the  thickness 
graphs. 

A  summation  of  the  Task  IIA  test  results  is  presented  next, 
followed  by  explanations  and  examples  that  support  the  summation. 

SUMMATION  OF  TENSILE  TEST  RESULTS 


a)  Proven  reliable  techniques  were  used  for  bonding  strain  gages 
to  the  tensile  specimen  surfaces.  The  graphed  surface  strain 
gage  outputs  were  estimated  to  be  accurate  to  within  ±3 Ope 
plus  ±1.5%  of  the  strain  reading.  (Comparison  of  the  axial 
surface  gage  outputs  with  a  certified  extensometer  in  Task  I 
supported  this  estimate.)  Accurate  and  reliable  surface 
strain  measurements  were  necessary  to  provide  a  basis  for 
comparison  of  the  embedded  gage  performance. 

b)  The  materials  property  data  (in  Appendix  A)  based  on  the  sur¬ 
face  gage  outputs  agreed  closely  with  computer -predicted 
materials  properties  which  were  based  on  Air  Force  Design 
Guide  data.  The  agreement  substantiated  the  qualities  of 
the  pre-preg  tape,  specimen  fabrication  procedures  and 
surface  strain  gage  performances.  It  also  supported  the 
Task  I  results  that  showed  that  embedded  gages  did  not 
affect  specimen  strength  properties. 

c)  Highly  anisotropic  filamentary  laminates  that  are  loaded 
parallel  with  a  high-modulus  plane  are  super-critical  to 
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symmetrical  loading,  thus  having  a  tendency  to  accentuate 
asymmetrical  loading  effects. 

d)  Strain  gage  rosette  elements  at  45°  to  the  loading  axis  were 
of  limited  use  in  evaluating  embedded  strain  gage  perform¬ 
ance  because  of  their  extreme  sensitivity  to  loading  and  in¬ 
stallation  alignment  factors. 

e)  Evaluation  of  the  embedded  strain  gage  rosette  elements  at 
90°  to  the  loading  axis  was  limited  by  low  transverse  strain 
magnitudes.  Furthermore,  on  a  percentage  basis,  90°  gage 
elements  are  highly  sensitive  to  loading  and  alignment  fac¬ 
tors. 

f)  B-type  specimens  in  which  all  the  filaments  were  oriented  at 
90°  to  the  loading  axis,  were  of  limited  use  in  assessing 
embedded  strain  gage  performance  because  of  their  low  yield 
and  failure  strain  magnitudes. 

g)  With  the  exception  of  B-type  specimens,  axial  embedded  and 
surface  gage  element  outputs  of  specimens  of  the  same  type 
were  within  a  spread  of  ±10%  over  the  respective  specimen 
strain  ranges.  This  spread  included  specimen -to -specimen 
property  differences. 

h)  On  an  individual  specimen  basis,  axial  and  embedded  strain 
gage  element  outputs  were  within  a  spread  of  ±8%  over  the 
respective  specimen  strain  ranges.  Excepting  the  B-type 
specimens,  at  least  one  specimen  of  each  of  the  other  15 
types  exhibited  axial  embedded  and  surface  gage  output 
spreads  of  less  than  ±4%.  In  12  out  of  the  91  specimens, 
the  embedded  and  respective  surface  axial  gage  outputs  were 
within  a  spread  of  ±2%. 

i)  Specimen  loading  effects  such  as  bending,  un-bending,  twist¬ 
ing  and  un-twisting  also  required  embedded  gage  performance 
to  be  considered  on  an  individual  specimen  basis.  Bending 
{and  un-bending)  effects  were  most  easily  observed  and  could 
be  accounted  for  by  comparing  the  axial  surface  gage  outputs 
on  opposite  sides  of  the  specimen.  When  corrections  were 
made  for  specimen  bending  (at  discrete  stress  levels)  the 
spread  of  axial  surface  and  embedded  gage  outputs  was  re¬ 
duced  to  less  than  ±6%  in  all  but  the  B-type  specimens  and 
was  less  than  ±3%  in  over  50%  of  the  91  specimens  tested. 

j)  Specimens  with  axial  surface  and  embedded  gage  output  spreads 
in  excess  of  ±3%  were  investigated  to  determine  if  there  was 
any  correlation  of  embedded  gage  performance  with  adjacent 
ply  orientations.  This  investigation  was  based  on  graphs  of 
gage  outputs  plotted  versus  interply  location  at  discrete 
stress  levels.  No  correlations  were  found;  furthermore, 
data  were  produced  that  were  contrary  to  ply  orientation- 
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gage  performance  correlation. 

k)  Some  gage  correlations  were  made,  however,  with  specimen 
bending.  In  general,  through- the -thickness  strain  varia¬ 
tions  increased  with  increased  bending  (this  was  after 
obvious  bending  effects  were  taken  into  account) .  The 
manner  in  which  the  embedded  gage  outputs  correlated  with 
bending  was  consistent  within  specimen  types,  but  was  in¬ 
consistent  between  types.  Similar  gage  correlation  with 
asymmetrical  loading  was  suspected  but  was  difficult  to 
evaluate . 

l)  In  the  graphs  of  axial  gage  element  outputs  plotted  versus 
ply  location  at  discrete  stress  levels,  some  specimens 
exhibited  strain  variations  as  high  as  11%.  In  most  cases 
these  gage  variations  were  consistent  in  specimens  of  the 
same  type,  but  as  stated  above,  they  could  not  be  corre¬ 
lated  to  orientations  of  adjacent  filaments  in  a  manner 
that  was  consistent  with  other  specimen  types.  Although 
these  variations  could  not  be  explained  in  a  distinct  or 
consistent  manner,  the  following  possibilities  exist: 

°  Material  properties  vary  slightly  and  randomly  through 
the  thickness  of  boron-epoxy  laminates  in  a  manner  sim¬ 
ilar  to  specimen-to-specimen  property  variations. 

°  Small  consistent  strain  variations  occur  in  laminated 
composites,  contradictory  to  the  linear  strain  distribu¬ 
tion  theory. 

°  Specimens  may  have  been  slightly  asymmetrical  due  to 
lack  of  a  balance  ply  or  to  the  use  of  bleeder  cloth  on 
the  top  surface  during  curing. 

°  Bending  and/or  asymmetrical  loading  caused  combined 
states  of  stress  that  were  dependent  on  laminate  con¬ 
struction  and  that  varied  through  the  laminate  thickness. 

°  Minute  mechanical  loading  effects  (other  than  bending)  such 
as  twisting ,  un-twi sting  and  grip  slippage  were  not  taken 
into  account. 

The  testing  in  this  program  was  directed  toward  determining 
the  effects  of  embedding  and  ply  orientation  on  strain  gage 
performance  and  not  toward  measuring  interply  strain  differ¬ 
ences  for  verification  of  lamination  theory.  These  tests 
were  not  specifically  designed  to  be  capable  of  distinguish¬ 
ing  small  gage  performance  inaccuracies  from  interply  strain 
variations. 

m)  Despite  some  anomolous  gage  and  specimen  results  there  was 
sufficient  embedded  gage  performance  data  in  close  agreement 
with  surface  gage  data  to  refute  all  the  conceivable  attempts 
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to  correlate  embedded  gage  performance  with  filament  orien¬ 
tations  (except  on  a  specific  specimen- type  basis  in  which 
case  it  is  highly  probable  that  gages  were  measuring  a 
specimen  property) . 

EXPLANATIONS  AND  EXAMPLES  OF  TENSILE  TEST  RESULTS 
Surface  Gage  Response 

Commercially  available,  off-the-shelf  strain  gage  rosettes 
were  bonded  to  the  tensile  specimen  surfaces  with  M-Bond  200 
(Eastman  910)  adhesive.  The  manufacturer  certifies  the  accuracy 
of  these  gages  to  be  within  *1%.  Eastman  910-type  adhesives 
have  been  evaluated  (Reference  4)  and  found  to  be  one  of  the  most 
accurate  and  reliable  strain  gage  bonding  adhesives  -  when  applied 
and  used  correctly.  When  used  to  bond  strain  gages,  this  adhesive 
has  a  very  thin  glue  line  and  is  very  brittle,  which  results  in 
negligible  adhesive  creep-related  errors. 

The  accuracy  of  the  surface  strain  measurements  was  dependent 
on  the  combined  accuracies  of  the  strain  gages,  the  signal  condi¬ 
tioning  system  (including  lead  wires,  bridge  completion,  balance, 
excitation  and  shunt  calibration)  the  data  acquisition  (mainly 
analog  to  digital  converter)  system,  the  data  processing  system 
(used  to  convert  the  digital  voltage  signals  into  engineering 
units)  and  the  plotter.  The  strain  gages  were  accurate  to  within 
*1%,  the  signal  conditioning  system  error  was  less  than  1%,  the 
data  acquisition  system  was  accurate  to  within  -15  pv  (about  *30pe), 
the  data  processing  errors  were  less  than  *0.5%  and  (based  on  a 
full  scale  graph  axis  of  6000  ye)  the  plotting  error  was  *10  pe. 
Using  the  square  root  of  the  sum  of  the  squares,  the  surface  strain 
measurement  accuracy  was  estimated  to  be  within  about  *30  pe  plus 
*1.5%  of  the  strain  reading. 

SALC  computer  program-generated  modulii  and  Poisson  ratio 
values  representing  the  specimens  used  in  this  program  are  shown 
in  Figure  133.  The  SALC  computer  program  has  been  generally 
accepted  for  use  in  determining  laminated  composite  properties 
and  is  described  in  Reference  2.  The  input  parameters  for  this 
computer  program  are  also  listed  in  Figure  133.  They  were  ob¬ 
tained  from  the  "Air  Force  Design  Guide  for  Structural  Composites". 

Figure  134  is  a  chart  which  compares  the  SALC  program  mod¬ 
ulus  values  with  the  modulus  data  derived  from  axial  gage  elements 
and  shown  in  Appendix  A  -  the  bars  represent  the  spread  of  the 
modulus  values  obtained  from  individual  specimens.  This  chart 
shows  that  the  specimen  properties  determined  by  the  axial  surface 
strain  gage  element  performances  are  in  general  agreement  with  the 
computer  program  and  the  Air  Force  Design  Guide  properties. 

Another  means  of  describing  the  axial  surface  strain  gage 
response  is  provided  by  the  table  in  Figure  135.  Column  1  lists 
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the  average,  mean  and  scatter  about  the  mean  modulus  values  and 
was  obtained  from  the  static  property  data  forms.  Column  2  lists 
the  percent  scatter  in  the  indicated  strains  of  the  surface  gages 
at  stress  levels  of  approximately  two-thirds  ultimate  and  was 
obtained  from  the  graphs  in  Figures  66  through  83.  Both  the  col¬ 
umn  1  and  column  2  scatter  values  are  based  on  axial  surface  strain 
gage  outputs,  but  the  column  1  data  was  derived  using  slopes  and 
averages  while  column  2  represents  total  scatters  of  all  the  sur¬ 
face  gages  of  each  specimen  type.  The  scatter  in  column  1  can  be 
related  to  specimen-to-specimen  property  differences  while  the 
scatter  in  column  2  can  be  related  to  specimen-to-specimen  prop¬ 
erty  differences  and  bending.  The  major  differences  in  the  two 
scatters  can  be  attributed  to  bending  and  non-linear  stress- strain 
behavior , 

Gage  Elements  at  45°  and  90°  to  the  Loading  Axis 

The  sensitivity  to  loading  and  installation  alignment  factors 
of  strain  gage  elements  at  45°  and  90°  to  a  tensile  specimen  load¬ 
ing  axis  can  be  shown  using  the  Mohr's  circle  of  strain  in  Figure 
136.  Suppose  there  are  two  specimens  and  three  45d  three-element 
rosette  gages:  the  first  specimen  contains  rosette  1  and  both  the 
specimen  and  gage  are  aligned  perfectly.  The  second  specimen  is 
asymmetrically  misaligned  -2°  during  loading  and  contains  rosette 
2  which  is  aligned  perfectly  with  the  specimen  axis  and  rosette  3 
which  is  misaligned  +1.5°  from  the  specimen  axis.  The  results 
will  be  as  shown  below: 

%  DIFFERENCE 


GAGE 

STRAIN  (pe) 

FROM  ROSETTE 

1A 

4,000 

0 

2A 

3,990 

.3 

3A 

3,970 

.8 

IB 

1,750 

0 

2B 

1,630 

7 

3B 

1,537 

12 

1C 

-500 

0 

2C 

-490 

2 

3C 

-470 

6 
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Suppose  further  that  gage  2  is  oriented  as  were  the  +RSE 
or  +LSE  gages  shown  in  Figure  9,  and  that  a  fourth  rosette  (no. 

4)  is  added  to  specimen  2  and  oriented  as  were  the  -RSE  or  -LSE 
rosettes.  If  the  axial  element  of  rosette  4  is  aligned  with  that 
of  rosette  3  (+1.5°  as  shown  in  Figure  136),  then  the  differences 
between  the  outputs  of  rosette  elements  3B  and  4B  (on  the  same 
specimen)  will  be  over  24%  (i.e.  1537  ye  vs.  1963  ye).  If  rosette 
4  is  misaligned  -1.5°  with  the  specimen  2  axis  the  strains  from 
3B  and  4B  will  be  equal,  but  strains  in  the  A-legs  and  C-legs  of 
rosettes  3  and  4  will  differ. 

From  this  example  it  can  be  seen  that  with  very  slight 
alignment  variations  the  B-legs  and  C-legs  of  rosettes  on  tensile 
specimens  are  susceptable  to  considerably  more  scatter  than  the 
A-legs. 

Figures  101,  103  and  105  show  the  response  of  B-leg  (45°) 
gages  in  specimens  7F-2,  9A-1  and  9E-5,  respectively.  Specimens 
7F-2  and  9E-5  demonstrated  relatively  small  strain  variations 
through  the  thickness  and  are  typical  of  their  respective  speci¬ 
men  types.  The  9A-type  specimens  showed  consistently  large  B-leg 
strain  variations  and  the  response  of  9A-1  shown  in  Figure  103  is 
an  extreme  case  of  the  9A-type  specimens.  As  shown  in  Figure  9, 
B-leg  gages  with  +LSE  and  +RSE  orientations  are  at  +45°  to  the 
loading  axis  while  gages  with  -LSE  and  -RSE  orientations  are  at 
-45°  to  the  loading  axis.  Notice  in  Figure  103  that  the  outputs 
of  gages  at  +45°  to  the  load  were  consistently  higher  than  those 
oriented  at  -45°  to  the  load,  thus  indicating  asymmetrical  load¬ 
ing.  Gage  orientation  effects  were  common  in  other  specimen- types 
but  not  to  all  types.  Generally,  the  B-leg  strain  variations 
were  lowest  in  cross-plied  and  angle-plied  specimens  and  highest 
in  unidirectional-ply  specimens  which  is  contrary  to  gage  perform¬ 
ance  -  ply  orientation  correlation.  Furthermore,  human  error- 
type  gage  and  specimen  misalignments  should  be  random  but  speci¬ 
men-type  correlation  of  the  B-leg  strain  variations  showed  con¬ 
sistencies  that  relate  the  variations  to  specimen  design  rather 
than  human-error  type  misalignments. 

The  C-leg  strain  variations  of  specimens  7F-2,  9A-1  and  9E-5 
shown  in  Figures  102,  104  and  106,  respectively,  are  relatively 
consistent  with  the  B-leg  variations. 

Conclusions  to  these  results  were  included  in  summation 
paragraphs  c,  d,  e,  f  and  1  on  pages  27-29. 

Comparisons  of  Embedded  and  Surface  Gage  Response 

The  compounded  graphs  in  Figures  66  through  83  can  be 
successively  analyzed  for  four  types  of  irregularities  as  des¬ 
cribed  below: 

1)  Embedded  gage  response  envelopes  that  are  not  encompassed  by 
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surface  gage  envelopes. 

In  general,  these  irregularities  occurred  in  the  B-leg  and 
C-leg  gage  responses  and  are  attributed  to  effects  described 
above.  The  embedded  A-leg  gage  outputs  of  5F-type  specimens 
in  Figure  71  were  irregular  in  this  respect,  but  5F-type 
specimens  were  peculiar  to  all  the  other  specimen  types 
tested  in  that  they  each  contained  two  +45°  plies  and  no 
-45°  plies.  The  5F-type  specimen  irregularities  were 
attributed  to  specimen  load  response  characteristics.  The 
fact  that  the  B-leg  response  is  not  midway  between  the  A- 
leg  and  C-leg  response  supports  this  conclusion. 

2)  Embedded  gage  response  envelopes  that  are  not  relatively 
symmetrical  with  surface  gage  response  envelopes. 

This  type  of  irregularity  occurred  in  some  B-leg  and  C-leg 
gage  element  responses  where  it  was  attributed  to  specimen 
load  response  characteristics.  A-leg  responses  were  rela¬ 
tively  symmetrical. 

3)  Relatively  large,  combined  surface  and  embedded,  A-leg, 
gage  output  envelopes. 

The  response  of  B-type  specimens  {with  all  90°  plies)  was 
dependent  primarily  on  low  modulus  resin  properties  that 
had  non-linear  stress -strain  characteristics  and  could 
therefore  be  expected  to  show  larger  response  variations. 
Excluding  the  B-type  specimens,  the  A- type  specimens  (with 
all  0°  plies)  exhibited  the  largest  spreads.  Inspection 
of  the  A- type  specimen  graphs  in  Figures  66,  72  and  78 
shows  that  the  surface  gage  envelopes  encompassed  the 
embedded  gage  envelopes,  thus  indicating  specimen  response 
characteristics  rather  than  embedded  gage  irregularities. 

Excluding  the  B-type  specimens,  but  including  the  A-type 
specimens,  combined  surface  and  embedded,  A-leg,  gage  out¬ 
put  envelopes  (spreads)  did  not  exceed  ±10%. 

4)  Embedded  gage  response  envelopes  that  were  larger  than  sur¬ 
face  gage  envelopes. 

Surface  and  embedded  gage  scatter  (or  spread)  is  shown  at 
discrete  stress  levels  in  Figure  137.  Embedded  A-leg  gage 
scatter  of  specimen  types  5E,  5F,  9e  and  9F  were  larger 
than  the  respective  surface  gage  scatters.  Type  5F  speci¬ 
mens  exhibited  the  largest  disparity  and  their  load  response 
characteristics  were  discussed  above.  Specimen  type  5E  was 
different  from  other  specimen  types  in  that  it  contained  +45° 
plies  on  the  outside  surfaces  and  no  0°  plies.  The  differ¬ 
ence  in  embedded  and  surface  gage  scatter  in  the  9E-type 
specimens  was  small  and  could  have  been  due  to  the  fact  that 
the  surface  gage  envelope  represented  the  outputs  of  ten 
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gages  while  the  embedded  gage  envelope  encompassed  the  out¬ 
puts  of  forty  gage  elements.  A-leg  response  of  Type  9F 
specimens  is  discussed  later. 

B-leg  embedded  gage  scatters  were  (with  two  exceptions) 
consistently  larger  than  B-leg  surface  gage  scatters.  All 
B-leg  surface  gage  elements  were  oriented  at  +45°  while  the 
embedded  B-leg  gage  elements  were  oriented  at  +45°  and  -45°. 
Gage  orientation,  gage  and  specimen  alignment,  specimen  load 
response  characteristics,  the  sensitivity  of  45°  gage  ele¬ 
ments  to  asymmetrical  loading  effects  and  the  larger  number 
of  gages  represented  by  the  embedded  gage  envelopes  were 
probably  completely  responsible  for  the  larger  B-leg  em¬ 
bedded  gage  scatters. 

Except  for  Type  5F  specimens,  C-leg  gage  envelope  scatters 
were  quite  regular  (considering  the  low  strain  magnitudes) . 

Specimen  Types  7E  and  7F  contained  the  same  ply  orientations, 
but  had  different  ply  orientation  sequences  as  shown  in  Fig¬ 
ure  2.  The  SALC  computer-predicted  properties  for  these  two 
types  of  specimens  were  identical.  The  7E-type  specimens 
contained  +45°  plies  on  the  outer  surfaces  and  (referring  to 
Figure  137)  exhibited  A-leg  and  C-leg  surface  gage  scatters 
that  were  larger  than  embedded  gage  scatters.  The  7F-type 
specimens  contained  0°  plies  on  the  outer  surfaces  and  ex¬ 
hibited  less  gage  output  scatter  than  the  7E-type  specimens 
and  more  consistent  embedded  and  surface  gage  scatters. 

Surface  gages  on  these  two  types  of  specimens  can  be  assumed 
to  have  performed  in  a  consistent  manner  and  the  differences 
in  the  gage  output  spreads  are  attributed  to  differences  in 
load  response  characteristics  related  to  specimen  construc¬ 
tion  . 

From  the  evaluations  of  the  graphs  in  Figures  66  through  83, 
it  was  concluded  that  most  of  the  embedded  gage  performance  irreg¬ 
ularities  could  be  attributed  to  such  factors  as  alignment  and 
specimen-type  load  response  characteristics.  No  evidence  of  gage 
performance  -  ply  orientation  correlation  was  found.  Evaluations 
of  individual  specimen  gage  output  envelopes,  while  eliminating 
specimen- to- specimen  property  differences,  supported  these  con¬ 
clusions. 

A  comparison  of  Figures  84  and  85  shows  that  the  B-leg  spread 
in  the  5D-type  specimens  was  primarily  due  to  specimen- to- specimen 
differences  and  that  the  embedded  B-leg  gage  outputs  agreed  closely 
with  surface  gage  outputs.  Although  compounded  5E-type  specimen 
data  in  Figure  137  was  less  consistent  than  most  of  the  other 
specimen- type  data.  Figures  86  and  87  show  that  gage  response  in 
individual  specimens  (5E-3  and  5E-4)  was  very  consistent.  The  A- 
leg  surface  and  embedded  gage  output  spread  of  specimen  5E-4  was 
less  than  ±2.5%. 
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Excluding  the  B-type  specimens,  the  maximum  A- leg  spreads 
in  Figures  €6  through  83  existed  in  the  A- type  and  Type  7E  speci¬ 
mens.  The  gage  output  envelopes  of  specimens  7A-5,  7E-5  and  9A-1 
in  Figures  88,  89  and  90,  respectively,  show  that  these  spreads 
were  due  mostly  to  individual  specimen  properties  rather  than  to 
specimen- to- specimen  differences.  The  A-leg  spread  in  specimen 
7A-5  was  almost  *8%  and  represented  one  of  the  highest  A-leg 
spreads  of  any  of  the  91  specimens. 

The  A-leg  strains  through  the  thickness  of  specimen  7A-5  in 
Figure  92  show  that  the  A-leg  spread  was  due  to  bending.  Simi¬ 
larly,  specimen  7C-5  exhibited  very  little  strain  variation 
through  the  thickness  after  correcting  for  bending,  as  shown  in 
Figure  93. 

Specimens  5D-3,  9C-2  and  9C-4  exhibited  only  slight  bending 
and  very  little  A-leg  strain  variation  through  the  thickness  as 
shown  in  Figures  91,  97  and  98,  respectively.  Specimen  7F-2 
exhibited  almost  no  bending  and  very  consistent  A-leg  strains 
through  the  thickness  as  shown  in  Figure  94. 

A  comparison  of  Figures  95  and  96  seems  to  indicate  that 
specimen  bending  causes  anomolous  A-leg  strain  variations  through 
the  thickness.  Specimen  9A-1  in  Figure  95  exhibited  bending  and 
A-leg  strain  variations  that  were  non-linear  through  the  thick¬ 
ness.  Specimen  9A-4  in  Figure  96  exhibited  less  bending  and  more 
consistent  A-leg  strains  through  the  thickness. 

The  A-leg  strains  through  the  thickness  of  specimens  9F-1 
and  9F-3  {Figures  99  and  100)  exhibited  similar  strain  variation 
characteristics  even  though  specimen  9F-1  exhibited  bending  and 
9F-3  did  not.  The  strain  variations  through  the  thickness  in 
9F-1  and  9F-3  could  not  be  correlated  with  gage  or  ply  orienta¬ 
tions.  Specimen  7F-2  in  Figure  94  contained  0°,  ^45°  and  90° 
plies  as  did  the  9F-type  specimens,  but  its  strain  variations 
through  the  thickness  were  much  lower. 

Evaluations  of  through- the- thickness  strains  were  summarized 
in  paragraphs  i,  j,  k  and  1,  on  pages  28  and  29. 
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SECTION  VIII 


DISCUSSION  OF  FLEXURAL/INTERLAMINAR  SHEAR 
SPECIMEN  TEST  RESULTS 

The  flexural  tests  in  Task  I  (described  in  Section  V)  veri¬ 
fied  that  embedded  gages  in  flexural  specimens  did  not  affect 
structural  response.  The  primary  purpose  of  embedding  gages  in 
flexural  specimens  was  to  determine  their  performance  when  sub¬ 
jected  to  interlaminar  shear.  A  four-point  load  flexure  speci¬ 
men  was  chosen  because  it  offered  both  shear  and  shear-free  sec¬ 
tions  for  comparisons,  it  provided  adequate  space  to  install 
gages,  and  its  response  and  failure  characteristics  were  pre¬ 
dictable.  The  shear-free  sections  are  free  of  both  vertical  and 
interlaminar  shear  while  the  shear  sections  have  vertical  shear 
and  interlaminar  shear  that  varies  from  zero  to  a  maximum  in  the 
middle  of  the  specimen.  Although  the  flexural  specimens  used  in 
these  tests  did  not  fail  due  to  interlaminar  shear,  the  calcul¬ 
ated  interlaminar  shear  stresses  on  the  neutral  axis  in  the 
shear  section  exceeded  2000  psi  (13.789  N/m^) . 

The  effects  of  interlaminar  shear  on  embedded  gage  response 
were  judged  by  comparing  the  performance  of  gages  in  the  shear 
section  (particularly  gages  on  plies  10,  11  and  12)  with  the  per¬ 
formance  of  gages  in  the  shear-free  section.  The  embedded  strain 
gage  responses  of  all  four  specimens  were  similar.  The  normalized 
longitudinal  strain  gage  element  outputs  plotted  versus  ply  loca¬ 
tion  in  both  the  shear  and  shear-free  sections  were  linear  through 
the  thickness.  Based  upon  the  normalized  outputs,  no  interlaminar 
shear  effects  were  observed. 

Figures  115  -  129  showing  the  original  data  from  the  test  of 
specimen  21-2  are  typical  of  the  results  from  the  four  flexural 
specimen  tests.  Figures  130  and  131  show  that  the  longitudinal 
gage  element  outputs  through  the  thickness  in  the  shear-free  sec¬ 
tion  of  specimen  21-2  are  twice  the  magnitudes  of  those  in  the 
shear  sections,  as  was  predicted.  Figure  132  shows  that  the 
specimen  21-2  normalized  longitudinal  strain  gage  outputs  plotted 
versus  ply  location  at  both  the  shear  and  shear-free  locations 
are  linear. 

Based  on  these  tests,  it  was  concluded  that  the  embedded 
strain  gage  technique  is  qualified  for  use  in  areas  of  high 
interlaminar  shear. 
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SECTION  IX 


CONCLUSIONS 

Gages  to  be  embedded  in  boron-epoxy  laminates  must  be  elec¬ 
trically  insulated,  thin  enough  to  be  installed  in  inter-ply 
spaces  without  affecting  specimen  thickness  and  should  have  in¬ 
tegral  lead  wires  that  will  allow  desired  gage  orientation  and 
exit  from  within  the  laminate. 

Embedded  gage  leakage  and  continuity  resistances  must  be 
measured  after  the  laminate  has  been  cured?  the  cured  continuity 
resistance  should  be  compared  with  the  pre-cured  resistance. 

Using  the  techniques  evaluated  in  this  program,  strain  gages 
embedded  in  boron-epoxy  composite  laminates  perform  in  the  same 
manner  and  with  the  same  quality  and  reliability  as  strain  gages 
bonded  to  surfaces.  Embedding  gages  in  boron-epoxy  composite 
laminates  does  not  affect  laminate  composite  material  properties 
and  embedded  gage  performance  is  not  adversely  affected  by  inter¬ 
laminar  shear.  Specimen  curing  variations  do  not  affect  embedded 
strain  gage  performance,  but  specimen  curing  can,  in  some  cases, 
adversely  affect  embedded  gage  resistance. 

Single-element  wire  strain  gages  offer  a  promising  means  to 
measure  internal  boron-epoxy  strains.  Acoustic  emission  eval¬ 
uations  performed  in  this  program  were  neither  extensive  or  con¬ 
clusive. 
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Figure  1:  TASK  I  INVESTIGATIVE  STUDY  SPECIMEN  TESTING 
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0/90/±45/0/+ 45/90/0 

5 

10 
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9F— 1  THROUGH  5 

(ALL  SPECIMEN  CONFIGURATIONS  PER  FIGURE  4) 


Figure  2:  TASK  II A  TENSILE  SPECIMEN  TESTING 
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NO. OF 
PLIES 

PLY 

ORIENT 

SPEC 

CONFIG 

GAGE 

LOCATIONS 

QTYOF 

SPECIMENS 

QTY  Of 
ROSETTES 

SPECIMEN 

NUMBERS 

ONLY  ONE  OF  THE 
END  SHEAR 
SECTIONS 
INSTRUMENTED 

21 

ALL 

ZERO 

PER 

FIGURE  5 

CENTER  SHEAR  - 
FREE  SECTION 
INSTRUMENTED 
IDENTICAL  TO 
END-SHEAR 
SECTION 

4 

14/SPECIMEN 

21-1 

THROUGH 

4 

ROSETTES  ON 

BOTH  OUTSIDE 
SURFACES  AND 
AGAINST  6TH,  10TH, 
I1TH,  12TH,  AND 
I7TH  PLIES 

Figure  3:  TASK  IIB  FLEXURAL  SPECIMEN  TESTING 


Figure  4:  TENSILE  SPECIMEN  CONFIGURATION 
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3.0  IN. 


Figure  5:  FLEXURAL  SPECIMEN  CONFIGURATION 
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Figure  6:  QA  ROSETTE  STRAIN  GAGE 
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Figure  7:  PHOTOGRAPH  OF  SINGLE-ELEMENT  WIRE  STRAIN  GAGES 


TOP  VIEW  -  INDIVIDUAL  PLIES 
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SCRIM  CLOTH  UP 


-45°  PLY 

SCRIM  CLOTH  UP 


+45°  PLY 

SCRIM  CLOTH  UP 


Figure  8:  STACKED  STRAIN  GAGE  ORIENTATION  AND  LEAD  WIRE  EXITS 
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TOP  VIEWS  -  INDIVIDUAL  PLIES 
RIGHT  SIDE 


LOWER  END 


-45°  PLY 
SCRIM  CLOTH  UP 


Figure  9:  STAGGERED  STRAIN  GAGE  ORIENTATION  AND  LEAD  WIRE  EXITS 
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Figure  10:  STACKED  STRAIN  GAGE  LEAD  WIRE  EXIT  AND  PLY  LOCATIONS 
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Figure  11:  STAGGERED  STRAIN  GAGE  LEAD  WIRE  EXITS  AND  PLY  LOCATIONS 


FABRICATION  RECORD 

CONTRACT  AF  3361 5-71 -C- 1639 

DATE:  3-23-2 _  SPECIMEN  NO.  9D-|  THRU  ^D-S 
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Figure  12:  TYPICAL  FABRICATION  RECORD 
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Figure  13:  PLY  SECTIONS  CUT  FROM  THREE-INCH  (7.62  CM)  TAPE 
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Figure  14:  SCRIM  CLOTH  REMOVAL 


Figure  15:  QA  ROSETTE  INSTALLED  ON  A  PLY 
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Figure  16:  PLIES  USED  FOR  SPECIMEN  IC-4 


Figure  17:  UNCURED  SPECIMEN  LAY-UPS 
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Figure  18:  FIVE-SPECIMEN  MOLD  CAVITY 


Figure  19:  MOLD  CAVITY  -  SPECIMEN  INSTALLATION  AND  BAGGING  OPERATION 


•  v  *JR 

/. 

55 


56 


Figure  20:  MOLD  CAVITY  -  BAGGED  AND  VACUUM  APPLIED 
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Figure  21:  SINGLE-ELEMENT  WIRE  GAGES  INSTALLED  ON  A  PLY 
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Figure  22:  TYPICAL  SURFACE  STRAIN  GAGE  INSTALLATION 


Figure  23:  TENSILE  SPECIMEN  AND  LEAD  WIRE  TERMINAL  BRACKET 
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Figure  24:  BALDWIN  UNIVERSAL  TEST  MACHINE 
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Figure  25:  TENSILE  SPECIMEN  AND  HYDRAULIC  GRIPS 
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Figure  26:  FLEXURAL  SPECIMEN  AND  FOUR-POINT-LOAD  FIXTURE 
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Figure  27:  SIGNAL  CONDITIONING  AND  ACQUISITION  SYSTEM 
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Figure  28:  COMPARISON  OF  EXTENSOMETER  AND  SURFACE  STRAIN  GAGE  OUTPUTS 
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Figure  29:  CURE  SPECIMEN  GAGE  ELEMENT  OUTPUTS 


EMBEDDED  ROSETTE  5  (NO  ELEMENT  SHOWING) 
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Figure  30  LARGE-AREA  MICROPHOTOGRAPH  OF  SPECIMEN  IC-1  GAGE  SECTION 
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Figure  31:  SMALL-AREA  MICROPHOTOGRAPH  OF  SPECIMEN  IC-1  GAGE  SECTION 
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Figure  33:  SMALL-AREA  MICROPHOTOGRAPH  OF  SPECIMEN  IC-2  GAGE  SECTION 
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Figure  34:  GAGE  ELEMENT  OUTPUTS  -  TENSILE  SPECIMEN  EMBEDDING  EFFECTS 
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Figure  35:  MICROPHOTOGRAPH  OF  SPECIMEN  IA-2  GAGE  SECTION 
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Figure  36:  MICROPHOTOGRAPH  OF  SPECIMEN  IA-4  AT  DISPLACED-GAGE  SECTION 
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Figure  37:  MICROPHOTOGRAPH  OF  SPECIMEN  IA-4  AT  STACKED-GAGE  SECTION 
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Figure  38:  LOAD  VERSUS  DEFLECTION.  SPECIMENS  IB-1  AND  IB-2 
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Figure  39:  SURFACE  STRAIN  GAGE  OUTPUTS,  SPECIMENS  IB-1  AND  IB 
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Figure  40:  MICROPHOTOGRAPH  OF  SPECIMEN  IB-2  GAGE  SECTION 


GAGE 
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CURED  SPECIMEN  EMBEDDED  ROSETTE  ELEMENT  RESISTANCES  IN  OHMS 

SPECIMEN 

IA-1 

SPECIMEN 

IA-2 

SPECIMEN 

1 A-3 

SPECIMEN 

IA-4 

SPECIMEN 

7F-1 

SPECIMEN 

7F-2 

SPECIMEN 

7F-3 

SPECIMEN 

7F-4 

SPECIMEN 

7F-5 

2A 

- 

- 
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362,7 

352.5 

362J3 

362,3 

362,3 

28 

- 

361.7 

361.9 

3603 

OPEN 

361 J3 

361.0 

361.2 

K 

- 

- 

366.3 

366.7 

364.2 

362J 

362.1 

362.0 

362.8 

3A 

- 

- 

368.9 

366.6 
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38 
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3618 

3C 

- 
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364.4 

364.6 

362.6 

362.6 

362.2 

361.8 

362.1 

4A1 

362.6 

352.7 

36U0 

366.5 
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LEAD 

WIRES 

363.2 

363.2 

363.2 

364.3 

481 

361.2 

361,8 

352,5 

362.3 

BROKEN 

LEAD 

WIRES 

361.7 

3618 

362.2 

OPEN 

4C1 

351 .6 

362.2 

363.6 

OPEN 

BROKEN 

LEAD 
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362.3 

351.8 

OPEN 

362.0 

4A2 

- 

- 

362.4 

362.0 

- 
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- 

- 

482 

- 
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361.8 

361*2 

- 

- 

- 

- 

4C2 

- 

- 
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- 
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- 

- 

5A 

- 
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362.8 

56 

- 
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363.1 
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362.1 
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361.6 

362.3 

SC 

- 

362.6 

OPEN 
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361.6 
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361.5 

361.9 

6A 

- 

- 
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354.1 
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- 
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361.9 

362.6 

7A 

- 

- 

362.0 

361 S 
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361.7 

361.8 
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7B 

- 
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361.9 
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351.6 
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7C 

- 

- 
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362.4 
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OPEN 

362,9 

362.0 

Figure  41:  EMBEDDED  ROSETTE  ELEMENT  RESISTANCES,  SPECIMEN  TYPES  IA  AND  7F 
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CURED  SPECIMEN  EMBEDDEO  ROSETTE  ELEMENT  RESISTANCES  IN  OHMS 
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352.6 

362.8 

352.9 
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Figure 42:  EMBEDDED  ROSETTE  ELEMENT  RESISTANCES, 
SPECIMEN  TYPES  1C  AND  9E 
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CURED  SPECIMEN  EMBEDDED  ROSETTE  ELEMENT  RESISTANCES  IN  OHMS 
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364.0 

366.6 

361 JB 

360.8 

360.6 
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Figure  43:  EMBEDDED  ROSETTE  ELEMENT  RESISTANCES,  SPECIMEN  TYPE  5A 
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362.9 

3C 

361.0 
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362.9 

46 

363.2 

363.3 

351.7 

352-5 

361-3 

361.1 

4C 

350.9 
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Figure  44:  EMBEDDED  ROSETTE  ELEMENT  RESISTANCES,  SPECIMEN  TYPE  58 
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Figure  45:  EMBEDDED  ROSETTE  ELEMENT  RESISTANCES, 
SPECIMEN  TYPES  9A  AND  9B 
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Figure  46:  MICROPHOTOGRAPH  OF  SPECIMEN  9A-4  GAGE  SECTION 
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Figure  47:  MICROPHOTOGRAPH  OF  SPECIMEN  9B-2  GAGE  SECTION 
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Figure  48:  SPECIMEN  IB-3,  TYPICAL  SINGLE-ELEMENT  WIRE  STRAIN  GAGE  OUTPUT 


(SN01M3N)  a  von 
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Figure  49:  SPECIMEN  IB-3,  LONGITU.DINAL  GAGE  ELEMENT  OUTPUTS  VERSUS  LOAD 


INDICATED  STRAIN  Qie) 


Figure  50:  SPECIMEN  IB-3,  LONGITUDINAL  GAGE  ELEMENT  OUTPUTS  VERSUS  LOAD 


85 


Figure  51:  SPECIMEN  IB-3,  NORMALIZED  LONGITUDINAL  GAGE  ELEMENT 
OUTPUTS  VERSUS  PLY  LOCATION 
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Figure  52:  SPECIMEN  IB-4,  SINGLE-ELEMENT  WIRE  GAGE  OUTPUTS 
VERSUS  PLY  LOCATION 
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Figure  53:  SPECIMEN  IB-4,  QA  ROSETTE-ELEMENT  OUTPUTS 
VERSUS  PLY  LOCATION 
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Figure  54:  SPECIMEN  IB-4,  NORMALIZED  GAGE  OUTPUTS  VERSUS  PLY  LOCATION 
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Figure  55:  ACOUSTIC  RESPONSE  OF  TASK  IA  SPECIMENS 
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Figure  56:  ACOUSTIC  RESPONSE  OF  TASK  IIA,  TYPE  7D  SPECIMENS 
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STRAIN  foie) 

Figure  57:  ACOUSTIC  RESPONSE  OF  TASK  HA.  TYPE  9A  SPECIMENS 
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Figure  58:  UNBALANCED  LAMINATE  GAGE  ELEMENT  OUTPUTS 
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Figure  59:  TASK  IIA  EXCLUDED  GAGE  ELEMENTS 
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Figure  60:  SPECIMEN  5A-8,  ROSETTE  1  OUTPUTS 
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Figure  61:  SPECIMEN  5A-8,  ROSETTE  2  OUTPUTS 
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Figure  62:  SPECIMEN  5A-8,  ROSETTE  3  OUTPUTS 
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Figure  63:  SPECIMEN  5A-8,  ROSETTE  4  OUTPUTS 


99 


Figure  64:  SPECIMEN  5A-8,  ROSETTE  5  OUTPUTS 
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Figure  65:  SPECIMEN  5A-8,  ROSETTE  6  OUTPUTS 
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Figure  66:  GAGE  OUTPUT  ENVELOPES,  SPECIMEN  TYPE  5A 
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Figure  67:  GAGE  OUTPUT  ENVELOPES,  SPECIMEN  TYPE  5B 
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Figure  68:  GAGE  OUTPUT  ENVELOPES,  SPECIMEN  TYPE  5C 
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Figure  69:  GAGE  OUTPUT  ENVELOPES,  SPECIMEN  TYPE  5D 


105 


Figure  70:  GAGE  OUTPUT  ENVELOPES,  SPECIMEN  TYPE  5E 
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Figure  71:  GAGE  OUTPUT  ENVELOPES,  SPECIMEN  TYPE  5F 
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Figure  72:  GAGE  OUTPUT  ENVELOPES,  SPECIMEN  TYPE  7A 


THIS  GRAPH  REPRESENTS  GAGE  ELEMENT  OUTPUTS  OF  SPECIMENS 
7B-1  THROUGH  7B-5 
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Figure  73:  GAGE  OUTPUT  ENVELOPES,  SPECIMEN  TYPE  7B 
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Figure  74:  GAGE  OUTPUT  ENVELOPES,  SPECIMEN  7C 
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Figure  75:  GAGE  OUTPUT  ENVELOPES,  SPECIMEN  TYPE  70 
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Figure  76:  GAGE  OUTPUT  ENVELOPES,  SPECIMEN  TYPE  7E 
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Figure  77:  GAGE  OUTPUT  ENVELOPES,  SPECIMEN  TYPE  7F 
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Figure  78:  GAGE  OUTPUT  ENVELOPES,  SPECIMEN  TYPE  9A 
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Figure  79:  GAGE  OUTPUT  ENVELOPES.  SPECIMEN  TYPE  9B 
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Figure  80:  GAGE  OUTPUT  ENVELOPES,  SPECIMEN  TYPE  9C 
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Figure  81:  GAGE  OUTPUT  ENVELOPES,  SPECIMEN  TYPE  9D 


THIS  GRAPH  REPRESENTS  GAGE  ELEMENT  OUTPUTS  OF  SPECIMENS 
9E-1  THROUGH  9E-5 
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Figure  82:  GAGE  OUTPUT  ENVELOPES,  SPECIMEN  TYPE  9E 
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Figure  83:  GAGE  OUTPUT  ENVELOPES,  SPECIMEN  TYPE  9F 


•  THIS  GRAPH  REPRESENTS  GAGE  ELEMENT  OUTPUTS  OF  SPECIMEN  5D-1 

•  THE  SOLID  LINES  ARE  SURFACE  GAGE  ELEMENT  OUTPUTS 

•  THE  DOTTED-LINE  ENVELOPES  ENCOMPASS  ALL  EMBEDDED  GAGE 
ELEMENT  OUTPUTS 
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Figure  84:  GAGE  OUTPUT  ENVELOPES,  SPECIMEN  5D-1 


THIS  GRAPH  REPRESENTS  GAGE  ELEMENT  OUTPUTS  OF  SPECIMEN  5D-2 
THE  SOLID  LINES  ARE  SURFACE  GAGE  ELEMENT  OUTPUTS 

THE  DOTTED-LINE  ENVELOPES  ENCOMPASS  ALL  EMBEDDED  GAGE 
ELEMENT  OUTPUTS 


•  •  • 


1  20 


Figure  85:  GAGE  OUTPUT  ENVELOPES,  SPECIMEN  5D-2 


•  THIS  GRAPH  REPRESENTS  GAGE  ELEMENT  OUTPUTS  OF  SPECIMEN  5E-3 

•  THE  SOLID  LINES  ARE  SURFACE  GAGE  ELEMENT  OUTPUTS 

•  THE  DOTTED-LINE  ENVELOPES  ENCOMPASS  ALL  EMBEDDED  GAGE 
ELEMENT  OUTPUTS 
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Figure  86:  GAGE  OUTPUT  ENVELOPES,  SPECIMEN  5E-3 


THIS  GRAPH  REPRESENTS  GAGE  ELEMENT  OUTPUTS  OF  SPECIMEN  5E-4 
THE  SOLID  LINES  ARE  SURFACE  GAGE  ELEMENT  OUTPUTS 

THE  DOTTED-LINE  ENVELOPES  ENCOMPASS  ALL  EMBEDDED  GAGE 
ELEMENT  OUTPUTS 


•  •  • 


Figure  87:  GAGE  OUTPUT  ENVELOPES,  SPECIMEN  5E-4 


THIS  GRAPH  REPRESENTS  GAGE  ELEMENT  OUTPUTS  OF  SPECIMEN  7A-5 
THE  SOLID  LINES  ARE  SURFACE  GAGE  ELEMENT  OUTPUTS 

THE  DOTTED-LINE  ENVELOPES  ENCOMPASS  ALL  EMBEDDED  GAGE 
ELEMENT  OUTPUTS 


•  •  • 


123 


Figure  88:  GAGE  OUTPUT  ENVELOPES,  SPECIMEN  7A-5 


•  THIS  GRAPH  REPRESENTS  GAGE  ELEMENT  OUTPUTS  OF  SPECIMEN  7E-5 

•  THE  SOLID  LINES  ARE  SURFACE  GAGE  ELEMENT  OUTPUTS 

•  THE  DOTTED-LINE  ENVELOPES  ENCOMPASS  ALL  EMBEDDED 
GAGE  ELEMENT  OUTPUTS 
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Figure  89:  GAGE  OUTPUT  ENVELOPES,  SPECIMEN  7E-5 


THIS  GRAPH  REPRESENTS  GAGE  ELEMENT  OUTPUTS  OF  SPECIMEN  9A-1 
THE  SOLID  LINES  ARE  SURFACE  GAGE  ELEMENT  OUTPUTS 
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Figure  90:  GAGE  OUTPUT  ENVELOPES,  SPECIMEN  9A-1 


1  26 


Figure  92:  SPECIMEN  7A-5,  A-LEG  STRAINS  TH  ROUGH  THE  THICKNESS 
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Figure  93:  SPECIMEN  7C-5,  A-LEG  STRAINS  TH  ROUGH  THE  THICKNESS 


Figure  94:  SPECIMEN  7F-2,  A-LEG  STRAINS  THROUGH  THE  THICKNESS 
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Figure  96:  SPECIMEN  9A-4,  A-LEG  STRAI  NS  THROUGH  THE  THICKNESS 
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Figure  97:  SPECIMEN  9C-2,  A-LEG  STRAINS  THROUGH  THE  THICKNESS 
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Figure  98:  SPECIMEN  9C-4,  A-LEG  STRAINS  THROUGH  THE  THICKNESS 


1  33 


Figure  99:  SPECIMEN  9F-1,  A-LEG  STRAINS  THROUGH  THE  THICKNESS 
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ORIENTATION 


STRESS  =  60  KPSI  {413.7  MN/nrr) 


5,000 


4,000 


STRESS  =  40  KPSI  (275.8  MN/m 


3,000 


2,000 


STRESS  =  20  KPSI  (137.9  MN/rrTj 


(PLY  ORIENTATION) 


GAGE  NUMBER  3 


Figure  100:  SPECIMEN  9F-3,  A-LEG  STRAINS  THROUGH  THE  THICKNESS 
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Figure  101:  SPECIMEN  7F-2,  B-LEG  STRAINS  THROUGH  THE  THICKNESS 


Figure  102:  SPECIMEN  7F-2,  C-LEG  STRAINS  THROUGH  THE  THICKNESS 
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'•  f ' GAGE 
ORIENTATION 


3,000 1 


(PLY  ORIENTATION) 


160  KPSI  (1103  MN/m' 


i  r  2,000  f-r 


I.OOOi- 


STRESS  =  100  KPSI  (689.5  MN/rrr) 


STRESS  =  40  KPSI  (275.8  MN/m“) 


mm 


H GAGE  NUMBER 


Figure  103:  SPECIMEN  9A-1,  B-LEG  STRAINS  THROUGH  THE  THICKNESS 


(PLY  ORIENTATION) 


STRESS  =  160  KPSI  (1 103  MN/nr/) 


STRESS  =  100  KPSI  (689.5  MN/nr/) 


40  KPSI  (275.8  MN/nr/) 


GAGE  NUMBER 


Figure  104:  SPECIMEN  9A-1,  C-LEG  STRAINS  THROUGH  THE  THICKNESS 
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Figure  105:  SPECIMEN  9E-5,  B-LEG  STRAINS  THROUGH  THE  THICKNESS 


Figure  106:  SPECIMEN  9E-5,  C-LEG  STRAINS  THROUGH  THE  THICKNESS 
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Figure  107:  PHOTOGRAPH  OF  SPECIMENS  5A-1  and  5A-3  AFTER  TESTING 
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Figure  108:  SCANNING  ELECTRON  MICROSCOPE  PHOTOGRAPH  OF  SPECIMEN  5A-6  AT 
LOCATION  OF  FAILURE 
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Figure  109:  SCANNING  ELECTRON  MICROSCOPE  PHOTOGRAPH  OF  SPECIMEN  5A-6 
AT  LOCATION  OF  FAILURE 
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Figure  110:  MICROPHOTOGRAPH  OF  TYPICAL  TYPE  5A  SPECIMEN  WITH  STACKED  GAGES 


t  -  • t “i  * rj ^  * vgj* l 


<nv  v.» 
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Figure  111:  MICROPHOTOGRAPH  OF  TYPE  5A  SPECIMEN  WITH  STAGGERED  GAGES 
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Figure  112:  MICROPHOTOGRAPH  OF  SPECIMEN  5C~3  SHOWING  TERMINAL 


♦ft  c 
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Figure  113:  MICROPHOTOGRAPH  OF  SPECIMEN  7B-4 
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Figure  114:  MICROPHOTOGRAPH  OF  SPECIMEN  7B-5 
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Figure  115:  SPECIMEN  21-2,  SECTION  1,  ROSETTE  STRAIN  GAGE  1  VERSUS  LOAD 
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Figure  1 16:  SPECIMEN  21-2,  SECTION  1,  ROSETTE  STRAIN  GAGE  6  VERSUS  LOAD 
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Figure  117:  SPECIMEN  21-2,  SECTION  1,  ROSETTE  STRAIN  GAGE  10  VERSUS  LOAD 
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Figure  118:  SPECIMEN  21-2,  SECTION  1,  ROSETTE  STRAIN  GAGE  11  VERUS  LOAD 
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Figure  1 19:  SPECIMEN  21-2,  SECTION  1,  ROSETTE  STRAIN  GAGE  12  VERSUS  LOAD 
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Figure  120:  SPECIMEN  21-2,  SECTION  1,  ROSETTE  STRAIN  GAGE  17  VERSUS  LOAD 
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Figure  121:  SPECIMEN  21-2,  SECTION  1,  ROSETTE  STRAIN  GAGE  22  VERSUS  LOAO 
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Figure  122:  SPECIMEN  21-2,  SECTION  2,  ROSETTE  STRAIN  GAGE  1  VERSUS  LOAD 
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Figure  123:  SPECIMEN  21-  2,  SECTION  2,  ROSETTE  STRAIN  GAGE  6  VERSUS  LOAD 
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Figure  124:  SPECIMEN  21-2,  SECTION  2,  ROSETTE  STRAIN  GAGE  10  VERSUS  LOAD 
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Figure  125:  SPECIMEN  21-2,  SECTION  2,  ROSETTE  STRAIN  GAGE  11  VERSUS  LOAD 
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Figure  126:  SPECIMEN  21-2,  SECTION  2,  ROSETTE  STRAIN  GAGE  12  VERSUS  LOAD 
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Figure  127:  SPECIMEN  21-2,  SECTION  2,  ROSETTE  STRAIN  GAGE  17  VERSUS  LOAD 
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Figure  128:  SPECIMEN  21-2,  SECTION  2,  ROSETTE  STRAIN  GAGE  22  VEBSUS  LOAD 
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Figure  129:  SPECIMEN  21-2,  LOAD  VERSUS  DEFLECTION 


INDICATED  STRAIN  foie) 


Figure  130;  SPECIMEN  21-2.  STRAIN  THROUGH  THE  THICKNESS 
AT  SHEAR-FREE  LOCATION 


250  LB 
0112N) 


150  LB 
(667.2N) 


50  LB 
I222.4N) 
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INDICATED  STRAIN  (fiel 


4,000 


-  4,000 


LONGITUDINAL  GAGE  ELEMENTS 


=  250  LB 
(1112N) 


150  LB 
(667. 2N) 


=  50  LB 
(222.4N) 


Figure  131:  SPECIMEN  21-2,  STRAIN  THROUGH  THE  THICKNESS  AT  SHEAR  LOCATION 


Figure  132:  SPECIMEN  21-2,  NORMALIZED  STRAINS  THROUGH  THE  THICKNESS 
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Figure  133:  SALC  COMPUTER  PROGRAM  PREDICTED  MATERIAL  PROPERTIES 


Figure  134:  COMPARISON  OF  SALC  DATA  AND  TENSILE  TEST  DATA 
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LONGITUDINAL  MODULUS  (GN/m2) 


SPECIMEN 

TYPE 

COLUMN  1 

COLUMN  2 

MODULUS  FROM  STATIC  PROPERTY 

DATA  IN  APPENDIX  A 

A-LEG  SURFACE 
GAGE  SCATTER 
FROM  FIGURES 

66  THROUGH  83* 

AVERAGE 

MEAN 

MEAN  SCATTER 
±% 

±%  SCATTER 

lb/in,2  x  nr6 

GN/m2  x  10 

lb/in  2  x  10-6 

GN/m2  x  10 

5A 

29.5 

20.3 

29.5 

20.3 

2.4 

8.1 

56 

2.52 

1.74 

2.54 

1.75 

5.5 

13.9 

5 C 

18.9 

13.0 

18.9 

13.0 

1.1 

4.1 

5D 

23*4 

16.1 

23.3 

18.1 

2.4 

5.3 

SE 

4.87 

3.36 

4-79 

3.30 

5.9 

7.5 

5F 

14.0 

9.65 

14.0 

9.66 

2.5 

2.1 

7A 

29.8 

20.5 

29.8 

20.5 

1.0 

8.6 

76 

2.94 

2.03 

2.85 

1.97 

8.1 

20.0 

7C 

18.2 

12.5 

18.2 

12.5 

2.7 

7.9 

7D 

14,8 

10.2 

14.7 

10.1 

2.7 

5.5 

7E 

12.4 

8.55 

12.5 

8.62 

u 

8.3 

7F 

12.2 

8.41 

12.2 

8.41 

2.6 

4.7 

9A 

29.7 

20.5 

29.8 

20.5 

1.7 

5.7 

96 

2.9 

2.00 

2.9 

2.00 

6.9 

11.5 

9C 

17.5 

12.1 

17.4 

12.0 

2.0 

3.7 

90 

15.6 

10.8 

15.5 

10.7 

1.3 

4.6 

9E 

13.0 

8.96 

13.0 

8.96 

0.8 

4.0 

9F 

12.9 

8.89 

12.9 

8.89 

1.2 

3.8 

THE  SCATTER  VALUES  WERE  MEASURED  AT  THE 
STRESS  LEVELS  SHOWN  IN  FIGURE  137 


Figure  135:  COMPARISON  OF  AXIAL  GAGE  SCATTER 
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-45  B-LEGS 
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Figure  136:  MOHR'S  CIRCLE  FOR  B  AND  C  LEG  SCATTER 
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•SPECIMENS  58-4,  5B-6,  7B-1,  7B-5  AND  9B-1  FAILED 
AT  STRESSES  LOWER  THAN  THE  INDICATED  STRESSES. 

HOWEVER,  THE  SCATTER  VALUES  SHOWN  ARE 
REPRESENTATIVE. 

Figure  137:  TABLE  FOR  SURFACE  AND  EMBEDDED  GAGE  COMPARISONS 


APPENDIX  A 
STATIC  PROPERTY  DATA 
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STRAIN  GAGE  TECHNIQUES  FOR  BORON-EPOXY  COMPOSITES 


CONTRACT  NO.  F3M1 6-7 1-C- 1039  PROJECT  NO.  1347 

FILAMENTARY  LAMINATE  STATIC  PROPERTY  DATA 


MATE RIAI  SYSTTU  HfrgMCO  5505  BOKQM  6.POKY  LAM  ORIENT. 

LOAD  ORIENT 


05 


NO.  Of  PLIES 

o* 


BALANCE  PLY  ADOCO:  YES  □  NO  El 
TYPE  LOADING:  TENSION  S  COMpO  SHEAR  □  INTER  LAM  SHEAR  □ 

TYPE  TEST  SPECIMEN:  S-Tg.AVfi.MT _ 5'OE-  TA.B  flO*) 


SOAK  AT  TEMP 


-= _  f  FOR  - 


HR 


TEST  TEMP  g*A,  TSAAP 


PROPERTY 

BATCH  NO, 

G>  5A. 

I>  5Ai 

SPEC  IOC  NT 

64-1 

54-Z 

&A-S 

SA-fe 

AVE 

3 

8 

E 

F’1 

i 

> 

e> 

l> 

F  ATa/3C,ULT 

127*1 

IOT.5 

I2.A.7 

IZfe.  S 

fSS.O 

12.4.4- 

fult 

182.3 

ita.o 

iSfifS 

tBb.S 

2  04.0 

1  #4.1 

I3- 

E-0ft-fr  (PRIMARY) 

SO.  2. 

-2*.<e 

29.54 

29  -S 

25.17 

29.  S 

C1  OR  O1 

(SECONDARY) 

> 

&> 

► 

G> 

‘STRAIN  IN. /IN. 
x  1CP 

propor- 

TIONAL 

LIMIT 

el 

]£> 

el 

r 

i> 

i> 

*46 

B> 

fc> 

ULTIMATE 

C1 

£.450 

4,430 

5975 

514  1 

~€2 

1440 

IfiTO 

\n  io 

IGIO 

\3  30 

VStCc 

ZTfeO 

2.1  SO 

2(10 

2ftb* 

205S 

2194 

THICKNESS  (AVERAGE) 

0.02  S3 

0.02*1 

0-0152 

0.02  *s 

O . 02 52 

0.02  S3 

SPEC  THICKNESS:  f  a.^/ "1  uin  0.0251  uiyD-025fc 

PROPERTIES  BASED  ON 

NOMINAL  THICK  WITHOUT  BAL  PLY  «=>.e>2fc.O 

NOMINAL  El  ACTUAL  □ 

FILAMENT  COUNT  2-Ofc.  /IN.  VOID  CONTENT  <  '  -O  %  pLv  THIf:*.  .  O  C»  SO  lH 
FILAMENT  VOLUME  FRACTION  SO  UM  nf  mkitv  ■  OT48t  «/in  3 


LAMINATE:  TAPE  OR  MATRIX  DESIGN 

BALANCE  PLY  KJOKJS _ 


MFG 


AVCO 


CURE  SPEC  2  ntS  g>  55Q*F 


‘STRAIN  MEASUREMENTS  BY  RESISTANCE  STRAIN  GAGES 
(AVERAGE  FROM  TWO  SURFACE  GAGES) 

DATA  FROM  REPORT  ^rEPL-  *  ~r(^-"T2-|5  1 _ 


ORGANIZATION  6ott.iK*fii  ComPaUT,  /LtgowAee  ScouP 

.  E>J 


COMMENTS:  sxJ  OP  O  cQt^p  A 

P\PPBgEF4T  TtM£  C^»~T  OM  5^2, 

mo  pieoPoe^toMAiu  umsait. 
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STRAIN  GAGE  TECHNIQUES  FOR  BORON-EPOXY  COMPOSITES 


CONTRACT  NO.  F338 1 5-7 1-C- 1839  PROJECT  NO.  1347 

FILAMENTARY  LAMINATE  STATIC  PROPERTY  DATA 

MATEH.A1  SVSTTU  MAKSACO  6SO&  6QRO V  BPoYY  LAM  ORIENT - - 

NO.  Of  PLIES  ^  _ 

BALANCE  PLY  ADDED;  YES  □  NO  IS  LOAD  ORIENT.  0° _ 

TYPE  LOADING;  TENSION  IS  COMP  □  SHEAR  □  INTE R LAM  SHEAR  □ 

TYPE  TEST  SPECIMEN;  ■STg^&WT  PmBe6LA5S  TAB  [loQ 

SOAK  AT  TEMP  ~~  °F  FOR  -  —  HR  TEST  TEMP  lg^  TEMP. 


panHiDTv 

BATCH  NO. 

1 

[>  SBi 

[>  S&x 

SPEC  IDE  NT 

5B-V 

*&-2 

55-4 

55-s 

5B-b 

AVE 

i 

F* 

,  4<k> 

2.95 

1-91 

2.10 

8 

Up 

F  AT  2/3€ 

ULT 

1 

4.0-7 

4,10 

.  70 

3.77 

5. *5 

3.3*- 

U- 

fe 

fult 

S.42 

£p.TZ 

1  *  OO 

5.42 

4.  SB 

4.  feft 

h 

D  *- 

E^ 

SffEIPRIMARYl 

1 

► 

3.  oo 

B.o& 

■a. 27 

5.15 

O  M 

Q° 
t  ui 

tSECONDARY) 

2 

♦  5* 

2 . 4s 

2.50 

2 . 4.8 

2. 40 

2.52 

PROPOR- 

ci 

mi 

IS2.S; 

9^0 

(.70 

725 

z 

z 

*% 

3: 

TIONAL 

LIMIT 

0 

0 

O 

<=> 

O 

f46 

542 

510 

3 

€1 

zz^o 

Zfcoo 

*7  0 

190s 

1900 

IS.13 

* 

ULTIMATE 

35 

42.5 

IO 

22.S 

0 

27.  5 

12Z5 

\3ZO 

tB£ 

10  15 

870 

92* 

THICKNESS  lAVERAGEt 

0.025* 

O.OZSZ 

0.&25fe 

0.OZ5B 

0.0270 

0.0257 

SPEC  THICKNESS:  (  AV.“)  MIN  <=>-  MAX  0  OlfcT 

PROPERTIES  BASED  ON 

NOMINAL  THICK  WITHOUT  SAL  PLY  0  o-ZfcO 

NOMINAL  B  ACTUAL  □ 

FILAMENT  COUNT  Z0<i>  AM.  VOID  CONTENT  <  '  •  °  Pt  Y  THICK.  •  °°  3.0  IN. 
FILAMENT  VOLUME  FRACTION  A.  SO  LAM  OENBITY -.OT^SlB/IN.3 


LAMINATE:  TAPE  OR  MATRIX  DESIGN  ^  MFG  QO 

BALANCE  PLY  _  _  CURE  SPEC  2  g  35o‘F 

•STRAIN  MEASUREMENTS  BY  RESISTANCE  STRAIN  GAGES 
(AVERAGE  FROM  TWO  SURFACE  GAGES) 

DATA  FROM  REPORT  ftFFPL'-TR~  YZ-tSI _ 

ORGANIZATION  BoBIHCi  Cq^aPamt ,  AEtoafACB  QltoOT 

COMMENTS;  LP*’  S>A~TC-U  S&i  uO<<v.  ■&  LAlp  c-O^SP  A~T  A _ 

PIFFEKBITT  TIME  TUAU  BA1CU  .  1^  SfgCl MGIO  SESt 

aTgESS-^TCAiM  gEEPOMSB  yjq/V  'S  ^rriAI-^y  mqm-uMEAK. 
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STRAIN  GAGE  TECHNIQUES  FOR  BORON-EPOXY  COMPOSITES 

CONTRACT  NO.  f 3361 6-7 1-01  MB  PROJECT  NO.  1347 

FILAMENTARY  LAMINATE  STATIC  PROPERTY  DATA 

mTMiALiVtTtM'  MasmCO  »t>l  SORON  CR»AY  LAM  ORIENT.  .  ^/^o/o  /<?£>/ <;> - 

_  NO.  OF  PLIES  £ 

SALANC*  PLY  ADDED:  YES  U  NO  JS^  LOAD  ORIENT.  _ ft! _ 

TYPE  LOADING:  TENSION  COMpQ  MAR  □  INTER  LAM  SHEAR  □ 

TYPE  TEST  SPECIMEN:  >&"  VTAAIRHT  VD|,  USER  A  LAV  TAM _ 

SOAK  AT  TEMP  —  *F  FOR  — -  MR  TEST  TEMP  IK.  TEMP, 


•STRAIN  MEASUREMENTS  SY  RESISTANCE  STRAIN  GAGES 
(AVERAGE  FROM  TWO  SURFACE  GAGESI 

DATA  FROM  REPORT  AFFDL  -T^-72,‘151 _ 

ORGANIZATION  "TV*6’  Boruo4  Co  Gi  PC O O  F» 

COMMENTS:  EACH  %PSCIPlfcH  IMUty  l  DyiAL  LY  LAID  U  P;  ALL  CtfttP 

AT  %A>P\C  TtPVE.  -STgESS-  STKAIM  KESPOIO-5& 

inutially  mom  - 


174 


STRAIN  GAGE  TECHNIQUES  FOR  BORON-EPOXY  COMPOSITES 


CONTRACT  NO.  F3381 S-71-C-  1«3Q  PROJECT  NO.  1347 

FILAMENTARY  LAMINATE  STATIC  PROPERTY  DATA 


.yittu  *  K*»»Y lam  orient.  ° L 2 °  L °  /  ° 


NO.  OF  FLIES  _ 
LOAD  ORIENT - 


RA LANCS  PLY  ADDED;  YSS  □  NO  ^ 

TYPE  LOADING:  TENSION  COMP  □  MAR  □  INTERLAM  SHEAR  □ 

TYPE  TEST  SPECIMEN:  lH  >TK>V%HT  - 

SOAK  AT  TEMP  —  *1  FOR  ~~  .  HR  TEST  TEMP  RH*  TEMP. 


PROPERTY 

BATCH  NO. 

5D 

BCC  IOC  NT 

6D-I 

SO  -  2 

3D-  3 

3D  -  4 

3D-  3 

Ave 

9 

PP1 

0 

E> 

t> 

> 

0 

FATMf,UlT 

loe.i 

1  Ofe  ,  0 

119.2 

109.7 

na .% 

'“■7. 

pULT 

IfbS.O 

IT3.S 

lfc»2  -O 

ic>a.p 

!£»*.<, 

3% 

P 

3  ui 

EOM  (PRIMARY! 

2^.4 

23.3 

-23. & 

2*,  3 

2.2,-f 

23. A 

(SECONDARY) 

> 

> 

> 

£> 

> 

? 

Z 

H 

2- 

$ 

PROCOR- 

TIONAL 

LIMIT 

«i 

s> 

-<* 

«4S 

ULTIMATE 

e1 

4.7SO 

4^00 

7375 

<^8Z5 

4»9ZS 

A-9A-I 

3  4^ 

370 

380 

3oo 

355 

4oio 

3475 

2950 

3525 

314® 

THICKNESS  (AVERAGE) 

O.0284o 

OOZ.9U 

0.0"S02. 

O.o  Z9S 

ft.  0302 

0.0297 

"SC  THICKNESS:  MIN  MAX 


.0^01 


NOMINAL  THICK  WITHOUT  SAL  H V  .O' Z-feO 


PROPERTIES  SASED  ON 
NOMINAL^’ ACTUAL  D 


FILAMENT  OOUNT  ZOR  AN.  VOID  CONTENT  0-0%  FLY  THICK.  Q-OQSO  IN. 
FILAMENT  VOLUME  FRACTION  <L3Q  lam  DCNSITY°^^25  LS/IN.3 


liFQ  ^>VCO 


LAMINATE:  TAPE  OR  MATRIX  PKMQM  v  TAPI 

BALANCE  PLY _ N4H1 _  CURE  ^EC  t»M.  *»T  3SO_"F_ 


'STRAIN  MEASUREMENTS  BY  RESISTANCE  STRAIN  GAGES 
(AVERAGE  FROM  TWO  SURFACE  GAOESI 

DATA  FROM  REPORT  ^EEB^=JS£l3£ll£L 


ORGANIZATION  TUS-  SoElO^  C»mPAMY,  ^gP5PAC£  OteooF 

COMMENTS:  EACH  EPKCIHS.M  tM(HV  I  DUALLY  LAID  Uf;  ALL  CUKgP 


U  I  AA,\~T- 


Mp  A.T=,1°A.g.EIO"r  PeoPQgTIOMAL- 
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STRAIN  GAGE  TECHNIQUES  FOR  BORON-EPOXY  COMPOSITES 

CONTRACT  NO.  F33615-71-C-1SM  PROJECT  NO.  1347 

FILAMENTARY  LAMINATE  STATIC  PROPERTY  DATA 

material  KVWTTU  MnAWCO  W1  APRON  EPQILT  LAMOHIENT.  ~  46> - 

_  w  NO.  Of  PLIES _ * _ 

BALANCE  PLY  ADOED:  YES  □  NO  R  LOAD  ORIENT _ Ql _ 

TYPE  LOADING:  TENSION  COMpD  SHEAR  □  INTI R LAM  SHEAR  □ 

TYPE  TEST  SPECIMEN:  IQ*  »TAA1»HT  y\t>Wt  wwsm  TPS _ 

SOAK  AT  TEMP  _ 9-  *F  FOR  — HR  TEST  TEMP  RH-  TEMP. 


PROPERTY 

BATCH  NO. 

5E 

SPEC  IDE  NT 

SB-1 

se-x 

5E-3 

SB -4 

56  -  5 

AVi 

£ 

Fp1 

9.  4.0 

7,7S 

10.0 

10.25 

lo.  o 

9.52 

FAT»E«-T 

lo.  1 

20.6 

22.5 

2.1 .5 

IT,  & 

20.5 

2fl.O 

26.6 

50,0 

So.  o 

25.9 

MODULUS 
E.  GkKH5 

EOW*  (PRIMARY) 

5.07 

4.92 

4. SI 

4.87 

5.00 

4.87 

SECONDARY  1 

S.fcC* 

3,7<b 

> 

3.  &»<£> 

3.fo9 

i 

JE 

Pfc 

s: 

f 

PftQFOft- 

TlONAL 

LIMIT 

*1 

iSfeo 

ISkS 

2250 

2100 

2000 

19S1 

*1 

uzs 

IIIO 

1255 

950 

<9\o 

1070 

«4E 

SO© 

570 

72:5 

745 

550 

&18 

ULTIMATE 

'1 

4p^OO 

69SO 

A4SS 

7275 

6*7oo 

7000 

**2 

5050 

jno 

552S 

5440 

a  t  oo 

5\T1 

noo 

Iftoo 

2700 

2oft5 

1570 

19T  l 

THICKNESS  (AVERAGE) 

0,0500 

0.0299 

0.0795 

B.03OZ 

0. 029(0 

0.02  9S 

SPEC  THICKNESS:  (^A.V  ")  MIN  -  0  2.Sfe  HAX  •  °  3  l  4p 

PROPERTIES  RASED  ON 

NOMINAL  THICK  WITHOUT  SAL  PLY  •  024.0 

NOMINAL^" ACTUAL  Q 

FILAMENT  COUNT  ZOA  AM  VOID  CONTENT  Pvv  THICK.  0-0060  IN 

FILAMENT  VOLUME  FRACTION  <LSO  LAM  ruMiTvO  0Lft9i  b/im  3 


LAMINATE:  TAPE  OR  MATRIX  DEMON  V  TAPS  MFC.  AvCO _ 

_ SALANCE  PLY  HOHK  CURE  yEC  EhEV  AT  SS0*F 

•STRAIN  MEASUREMENTS  SY  RESISTANCE  STRAIN  GAGES 
(AVERAGE  FROM  TWO  SURFACE  GAGES) 

DATA  FROM  REPORT  PL  'Tg  ~  72- -15  I _ 

f»Hr.tMI7tT.nM~iUEBQE,klG  CjDP\PAIO><  J\&£OSPA&6.  GlKoQP 

COMMENTS:  CACW  6PKCIM6H  LAID  U  ALL  CUBED 

—At  6PJ4C  Tint*  E>  ‘b^eoQPAZ-Y  -s-reesi-  s-rgA'Li 

ge-SFOU3E  IOOO  -  L.IU6AK. 
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STRAIN  GAGE  TECHNIQUES  FOR  BORON-EPOXY  COMPOSITES 


CONTRACT  NO.  F 338 1 6-7 1-C- 1638 


PROJECT  NO.  1347 


FILAMENTARY  LAMINATE  STATIC  PROPERTY  DATA 


- na  fo-r  1A.O.HNT. 

NO,  OF  PLIES  S 

BALANCE  PLY  AODCD;  YES  □  NO  ^  LOAD  ORIENT.  - Ql - 

TYPE  LOADING:  TENSION  )3  COMP  □  SHEAR  □  INTER  LAM  SMEAR  □ 

TYPE  TEST  SPECIMEN:  '**  »WHT  y»j,  BUmfej  - 

SOAK  AT  TEMP  _  —  *F  FOR  -  ~T-_  MR  TEST  TEMP  RW.  TEMf. 


PROPERTY 

tATCH  MO. 

wrmc  IOC  NT 

5F-t 

5F,1 

5F.3 

5>f=-4 

AVE 

3 

Fp1 

s*>.% 

2.9. G* 

2fo.S 

2.7.  e 

Z9.o 

f  ATirae,41^ 

44.-»> 

4*9. *9 

■5V  .4 

5Z.O 

3-2. 1 

49.9 

pULT 

70.0 

77.0 

*74  o 

T4.S 

7S.  o 

74.1 

3% 

gi 

3  Ml 

E  OH  (PRIMARY) 

\4.o 

\4  .  [ 

13  . 

14.0 

\4.-5 

b 

(SECONDARY! 

11  *9 

VI.  & 

V12  ,12. 

U-7 

11  .*=9 

i 

z 

H 

in 

moron- 

T10NAL 

LIMIT 

*1 

1990 

2ISO 

l*94o 

1935 

20  81 

420 

4-45- 

3“»o 

4i^> 

e4S 

333 

17  S 

300 

275 

280 

ULTIMATE 

*1 

5590 

5995 

5S25 

5890 

5550 

5&5o 

333 

4  s>c> 

295 

6  V 

Sio 

245 

4io 

4-30 

576 

3*94 

THICKNESS  (AVERAGE) 

0,023^ 

0.02b0 

0.0ZS6 

0.0237 

0*  02541 

o,o  zse 

SPEC  THICKNESS:  (asO  MM  .<=>2*2   MAX  'OZ!*2 

PMPfflTICf  BASED  ON 

NOMINAL  THICK  BSTHOUT  SAL  PLY  ■  0  24.0 

NOMINAL  Ji^ACTUAL  Q 

FILAMENT  COUNT  ZOA  /IN.  VOID  CONTENT  PI  V  THICK.  0,0060 _ IN. 

FILAMENT  VOLUME  FRACTION  LAM  OE MSI TY 0^217 LB/IN.3 


LAMINATE:  TAPE  OR  MATRIX  nfar.ll  V  T APE _  MFG  AvCO _ 

BALANCE  PLY _ W>HS _  CURE  epec  ZMAE.  AT  3S0*F 


DATA  FROM  REPORT 


'STRAIN  MEASUREMENTS  BY  RESISTANCE  STRAIN  GAGES 
(AVERAGE  FROM  TWO  SURFACE  GAGES) 

^f=f=C»\  -Tg-TZ-tSt 


ORGANIZATION  !*&  CoMPA^  ,  **gQ  5.^5.  ■ 

COMMENTS:  SFECIHiH  RffrlV  I  OVPlLLY  LMQ  UPf  ML  ClIKEP 

NT  %AWI  TtflC. - 
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STRAIN  GAGE  TECHNIQUES  FOR  BORON-EPOXY  COMPOSITES 


CONTRACT  NO.  F33S1 5-71 -C- 1638  PROJECT  NO.  1347 

FILAMENTARY  LAMINATE  STATIC  PROPERTY  OATA 

mnmAL«V«l»y  Nwwto  ll»l  APRON  KOOKY  LM«  ORIENT. - 22 - 

_  w  NO.  OF  PLIES  1 

BALAMCf  PLY  AODCD:  VIS  □  NO  LOAD  ORIENT _ £? _ 

TYPE  LOADING:  TENSION  OOmQ  SHEAR  □  MTERLAM  SHEAR  □ 

TYPE  TEST  SPECIMEN:  ICT.  VTAAIQHT  %!»«,  FlAlROLA*.  TAM _ 

SOAK  AT  TEMP  = _ *P  FOR  ~  MR  TEST  TEMP  RK.  T|HP. 


PROPERTY 

BATCH  MO. 

^ A 

VIC  IDE  NT 

7^-1 

7A-  2 

7A-4 

7A-s 

AVE 

i 

i 

Pp1 

E> 

D> 

E> 

> 

0 

PATWe,UW 

I2US 

127-7 

(30.  ft 

l2B.<b 

jVLT 

193.2 

i9o.c 

2o2.o 

203.5 

(30.0 

it 

p 

1  m 

E  EBB  (PRIMARY! 

30,  | 

Z<9-3 

30.  v 

2<?.£p 

2-9.  8 

E1  WtBS 

(SECONDARY) 

> 

i 

> 

> 

> 

0 

i 

X 

H 

2- 

i 

FROPOR- 

TIOMAL 

LIMIT 

e1 

r> 

r> 

fi> 

-<a 

N 

r> 

*4. 

> 

ULTIMATE 

e1 

6*30 

*®os 

fclSo 

4»^oo 

1500 

(540 

\44S 

1470 

i4t>° 

I4S7 

Zfcoo 

ISSO 

B2oo 

21  IS 

2  825 

2518 

THICKNESS  (AVERAGE! 

•,o34S 

o.o>49 

0,0354 

0.034s 

#.034* 

0.0349 

SPEC  THICKNESS:  (A'V.l  uim  .*=*331  utv  .036,3 

PROPERTIES  BASED  ON 
NOMINAL ACTUAL  □ 

NOMINAL  THICK  WITHOUT  SAL  PLY  ■  036,4 

FILAMENT  COUNT  Jftt  /IN.  VOID  CONTENT PLY  THICK.  0-00*0  IN. 
FILAMENT  VOLUME  FRACTION  0.30  i  am  n*=MKiTvO.  0740,  n/IM  3 

LAMINATE:  TAPE  OR  MATRIX  DESIGN  S"  TAPE  MFG  KVCO 

BALANCE  PLY  NDHft  CURE  SPEC  2  HA*.  AT 

3S0*F 

•STRAIN  MEASUREMENTS  BY  RESISTANCE  STRAIN  GAGES 
IAVERAGE  FROM  TWO  SURFACE  CAGES! 


DATA  FROM  REPORT  4pppL  -~Tg--7Z~15l _ 

nar.* hit g>OB'Q«l  CoWlpAtO^  .  -6»gOOr 

COMMENTS:  *****  QPSCIHfcH  INDIVIDUALLY  LAIQ  Upj  KLL  CURgQ 

AT  SAMI  TIWC,  E>  klo  APFA.g£MT  PgOPOCTIQI^AL 

i  i  r . 
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STRAIN  GAGE  TECHNIQUES  FOR  BORON-EPOXY  COMPOSITES 


CONTRACT  NO.  F 3361 5-71-01036  PROJECT  NO.  1347 

FILAMENTARY  LAMINATE  STATIC  PROPERTY  DATA 


9Qt 


MATERIAL  WIN:  UH  SESSCL  -  lMt°nnta-' 

NO.  OP  PLIES  _ 
LOAD  ORIENT - ffii. 


BALANCE  PLY  ADOCO:  YES  □  NO  ^ 

TYPE  LOADING:  TENSION  $3  COMP  □  MAR  □  INTER  LAM  SHEAR  G 

TYPE  TEST  SPECIMEN:  »»"l  >TAAI»HT  yttf,  1*M - 

SOAK  AT  TEMP  —  *F  FOR  —  MR  TEST  TEMP  RH.  TEMf. 


:  a  xv 

BATCH  NO. 

7B 

Efl  FT 

VfCI 

Of  MT 

IB-1 

7e-i 

715-4 

T*--S.| 

AVE 

8 

F' 

2.-S2 

4.  s»i 

4.ZI 

3.&T 

2.50 

1 

patwe^t 

3.4fo 

4.*9fa 

S.oi 

S  .  00 

3.<U2. 

4.4) 

fult 

5*.  1 

fa.TT 

7, 

1. 10 

5/2J 

&.ZS 

3% 

Ei 

MB*  IPAIMARY) 

3.o® 

3.04 

*2  .  &t> 

2.^2 

3.0s 

Z  .'94 

X  HI 

(SECONDARY) 

z  .7^ 

2 , 3.0 

2.4* 

2.. 8.1 

Z.02 

mm 

»s<=> 

t^go 

143S 

13TTC* 

Bio 

))  <-<5 

i 

TIONAL 

*i 

CP 

3 

1  O 

ID 

5 

LIMIT 

«4S 

p> 

p> 

p> 

P 

P> 

So 

s; 

1*30 

19S6 

Z6.5S 

2710 

1785 

21S9 

* 

ULTIMATE 

*i 

o 

o 

1  o 

i3 

lo 

T 

*48  ' 

12  50 

IZ*5€> 

\2So 

(2-20 

826 

\  \  UZ 

TWICtCMM  UVfl 

IAGC) 

o.o34Z 

0*0349 

0.0^49 

0.0346 

0.0342 

0.0344 

SPEC  THICKNESS:  f  AsJ.7  him  -  ©  334 

MAX  •°'iSS 

PROPERTIES  BASED  ON 

NOMINAL  THICK  WITHOUT  SAL  PLY  •  ©3C»4 

NOM 1 NA L Jjf ACTUAL  □ 

FILAMENT  COUNT  FOA  AN.  VOID  CONTENT  M-0^  PLY  THICK.  0.00*0 _ IN. 

FILAMENT  VOLUME  FRACTION  4*0 

LAN  DENSITY6' 074OLS/IN.3 

k  AUlMATF  TAPE  QP  MATRIX  DEMON  S*  TAfL 

UFG  KVCO 

BALANCE  PLY _ - 

rtiRi  Mi 

ir.  t  HRS.  AT  «0*F 

•STRAIN  MEASUREMENTS  BY  RESISTANCE  STRAIN  SAGES 
I  AVERAGE  FROM  TWO  SURFACE  GAGES) 

DATA  FROM  REPORT  ^Ft=OL ~~Cte-~  7Z~>S  > - 


0TOftm7ftTf^lU£  gtocmoa, 

COMMENTS:  tACH  APEfrIMRN  taUlVlWUALLY  LAlft  UP,  ALL  CQ*gP_ 


AT  PAWL  T|Wt 


T?  ATTICS  klOT  -TAftLiLATEOj. 
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STRAIN  GAGE  TECHNIQUES  FOR  BORON-EPOXY  COMPOSITES 

CONTRACT  NO.  F3361B-71-C-1S3B  PROJECT  NO.  1347 

FILAMENTARY  LAMINATE  STATIC  PROPERTY  DATA 

MATERIAL  SYSTEM  MNEHCO  »»»>  SOKPM  K1PORY  LAM  ORIENT.  X  0/<?0/°/<^Cl 

_  MO.  OF  FLIES  1 

■ALANCS  PLY  ADDED:  Y1S  □  MO  R  LOAD  ORIENT _ ft* _ 

TYPE  LOADING:  TENSION  g  COMpQ  SHEAR  □  INTER  LAM  SHEAR  O 

TYPE  TEST  SPECIMEN:  1 WWHT  »IO«f  HMSSLPS  TA1 _ 

SOAK  AT  TEMP  — —  *F  FOR  ~  MR  TEST  TEMP  RH.  TENF. 


PROPERTY 

BATCH  NO. 

1C 

SPEC  IDE  NT 

7C-I 

TC-a 

7C-3 

7<r-4 

7C-S 

AVE 

8 

Fp1 

41 .  & 

4o.t 

si. <9 

48.1 

44. & 

44.7 

patote^t 

ST.  1 

5t.1 

©©.<£» 

57*5 

84.8 

65*9  j 

fult 

7^.o 

e 

8o,o 

©1-9 

1 % 

85 

3F  u i 

(PRIMARY) 

o 

t&.S 

17*7 

i&.-i 

18.2 

•ECOWMRV) 

Uc  .*7 

n,o 

17. S 

\  .  O 

I4w  .  S 

**>■  » 

t 

z 

Hi 

in 

proror- 

TtOMAL 

LIMIT 

cl 

2350 

^330 

2es° 

ZSTS 

24fe£ 

ast4 

e7 

75 

90 

©o 

&o 

\oo 

©s 

«AE 

P> 

P> 

p> 

ULTIMATE 

4S30 

4286 

4900 

49LO 

4610 

47-2.1 

135 

\  CoO 

1  OO 

135 

ISO 

€m 

2005 

I58S 

llOfe 

Z02S 

2/76 

!&*?<? 

THICK NtM  (AVERAGE) 

0.0356 

003S7 

0.0356 

0.0356 

0.03&S 

SPEC  THICKNESS:  ^  AV.*)  MIW^P^47  MAX  -  °3£»7  PROPERTIES  RASED  ON 
NOMWIAL  THICK  WITHOUT  SAL  PLY.  .  O  3  6*4  NOMINAL^ACTUAL  □ 


FILAMENT  COUNT  /IN.  VOID  CONTENT  41-0%  PLY  THICK.  O-OOSO  IN 

FILAMENT  VOLUME  FRACTION  ISO  LAJA  D€NSITYQi£25?LJI/IN.3 

LAMINATE:  TAPE  OR  MATRIX  OE8IGN  S'*  TAPE  MFC  KVCO _ 

_ EALAWCE  PLY  MONK  _  CURE  SPEC  *t  SSO*F 

'STRAIN  MEASUREMENTS  SY  RESISTANCE  STRAIN  GAGES 
(AVERAGE  FROM  TWO  SURFACE  GAGES) 

DATA  FROM  REPORT  ^FFOV~  ~"rg-  72-151 _ 

ORGANIZATION  TUE  Co^PA.U-fj  AejZO  SPACE  ‘S.ZOOF 

COMMENTS:  EPCCIMtN  *1  tUV  H>U*t  L.Y  LAID  Uf;  M.L  CURED 

_fcT  EAsT'lt  Tine,  [?>  ~Pa~TA.  kio-T  TAB^L4-rg.p, 
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STRAIN  GAGE  TECHNIQUES  FOR  BORON-EPOXY  COMPOSITES 


CONTRACT  NO.  F 3361 6-7 1-C- 163#  PROJECT  NO.  1347 

FILAMENTARY  LAMINATE  STATIC  PROPERTY  DATA 


MATERIAL  SYSTEM:  »*»»  »OR»H  W.T 

BALANCE  PLY  AOOED:  YES  □  NO  )8C 


[ot4&/o]' 


LAM  ORIENT, 

NO.  OP  PLIES  _ 
LOAD  ORIENT.  O 


TYPE  LOADING:  TENSION^  COMpQ  SHEAR  D  WTERLAM SHEAR  D 

TYPE  TEST  SPECIMEN:  -!£*.  »TAAI>HT  VOS,  T»» - 

SOAK  AT  TEMP  _ = _ °P  FOR  _ — - HR 


TEST  TEMP  EH.  TEMP, 


TROffNTY 

BATCH  HO. 

ID 

anc  ioc nt 

10-2 

lo-'i 

10-4 

10-6 

AVE 

i 

F‘ 

i1 

l> 

B> 

D> 

0 

> 

FATMf,011 

n\.  1 

5fe.2 

©7.2 

67.€» 

,ULT 

**4,o 

82.8 

83.0 

78.0 

S4.2 

84. 3. 

fc 

§5 

3  m 

E«M  IPRIMARY) 

is.o 

IS.t 

1^.0 

|4  .4 

14 -*3 

14.  e> 

(SECONDARY) 

> 

0 

> 

|> 

D> 

i 

z 

H 

s: 

E 

PHOTON- 

TIONAL 

LIMIT 

«i 

N 

> 

| 

> 

■** 

o 

o 

> 

e« 

n> 

k. 

N 

ULTIMAT1 

c.s5o 

©*>So 

S4  30 

5326 

5  ©7© 

5T4.S 

41^0 

4280 

4  \  fco 

3©7© 

4ze*o 

4275 

€m 

?oo 

$oo 

742 

TMIC 

KNESS  IAVEP 

IAOE) 

0.0334 

0.0354 

o.o35fa 

0.035S 

0.0354 

0.0355 

EC  THICKNESS:  (AV.)  him  -°343  max -°3fa< 


NOMINAL  THICK  WITHOUT  SAL  PI  Y  •  °  3  fa  4 


PROPERTIES  SASED  ON 
NOMINAL  ^ACTUAL  □ 


FILAMENT  COUNT  10*  /IN.  VOID  CONTENT 
FILAMENT  VOLUME  FRACTION 


FLY  Twirit.  0.0060 _ (N. 

LAM  DENSITY  OJH^TLS/IN.3 


mfg  Kvco 


LAMINATE:  TAPE  Oft  MATRIX  DESIGN S*  "T ftf  E - 

BALANCE  PLY _ N*N1  CURE  SPEC  1H#>-  _ }jt)  F 


DATA  FROM  REPORT 


•STRAIN  MEASUREMENTS  BY  RESISTANCE  STRAIN  GAGES 
(AVERAGE  FROM  TWO  SURFACE  GAGES! 

Af=f=OL  -TIC  -  71-151 


ORGANIZATION  TWg-  CoiAPAKIV,  tegO  3  WC 

COMMENTS:  EJKN  WIHVlDUNLl-Y  LAID  UPf  KLL  CU*gP_ 


kt  nntr 

L\KMT»  


T 


Kip  APPMZEMT  PgOP 
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STRAIN  GAGE  TECHNIQUES  FOR  BORON-EPOXY  COMPOSITES 


CONTRACT  NO.  F3361 6-7 1-C- 1638  PROJECT  NO.  1347 

FILAMENTARY  LAMINATE  STATIC  PROPERTY  DATA 

MATERIAL  SYSTEM  66*6  »OK»H  mvr  LAM  OR.iNT.  C±4S/0/^>  3^ 

NO.  Of  PLIES  T. 

BALANCE  PLVAOOEO:  YES  □  NO  JSS,  LOAD  ORIENT. _ O* 


TYPE  LOADING:  TENSION  COMpD  SHEAR  □  WTERLAM  SHEAR  □ 

TYPE  TEST  SPECIMEN:  l0"  VTKAOHT  VMK,  TM 

SOAK  AT  TEMP  _  —  °F  FOR  — 


.  HR 


TEST  TEMP  »M.  TEMP, 


PflOFfRTY 

KATCHP40. 

7E 

SPEC  IDE  NT 

7E-1 

7E-2. 

T6-4 

7e-s 

AVE 

i 

/ 

Z(o.  u 

30.  S 

27.  -S 

2*?.o 

25.3 

2.1,  a 

FAT«€,ULT 

45.fc 

&o.  I 

48.4 

4&-t 

4b. o 

47-7 

fULT 

(.7.4 

73.0 

TO, 7 

kT.O 

(•*3.4. 

3t 

gi 

I  HI 

E  SR  (PRIMARY) 

1*2.  €> 

7-2.3 

rz.4 

12. 3 

(Z  .4 

WOOMOARYI 

II.  V 

it.  o 

yo.9 

/o.  e. 

10.7 

i 

z 

h> 

i 

Ui 

2  (SO 

2335 

2250 

Z2SO 

Z050 

Z247 

/355 

12  30 

/Z  4.0 

//26 

V  ITT 

eM 

|> 

0 

D> 

D> 

[l> 

ULTIMATE 

C1 

5750 

6350 

6.075 

4025 

58/6 

too  3 

•*1 

2fc."7S 

2830 

2690 

2750 

2585 

‘4S 

/760 

/8oo 

IfoSO 

/7  OO 

\T  lo 

THICKNESS  (AVERAGE) 

0.0353 

0.0354 

0.035  3 

0.0352 

0*0:3  51 

D.&3S4 

tC  THICKNESS.  uim  .0341  MAX  °3faC- 


NOMINAL  THICK  WITHOUT  SAL  PLY .  Q3<^-A 


PROPERTIES  BASED  ON 
NOMINAL  ^ACTUAL  □ 


FILAMENT  COUNT  10*  AN.  VOID  CONTENT  O-OTl  PLY  THICK.  0-006 ft  IN. 
FILAMENT  VOLUME  FRACTION  *30  LAM  D€NSITyOi2H?LB/IN3 


LAMINATE:  TAPE  OR  MATRIX  DESIGN  S*  TAP*  MFG  KVCO _ 

BALANCE  PLY _ WOH* _  CURE  NFEctWA*.  AT  3SO*F 


‘STRAIN  MEASUREMENTS  BY  RESISTANCE  STRAIN  GAGES 
(AVERAGE  FROM  TWO  SURFACE  GAGES) 

DATA  FROM  REPORT  ~  ~Tl-\5 1 _ 


ORGAN IZAT ION ~6>QS.inJG»  CofAPAnTYj  &ggo 3PA<C&  -€|gOQP 

COMMENTS  EfcgH  6PSC1MEH  HI  MV  1  DUALLY  LAlQ  Up.  KLL.  CUKgP 


»  TIME. 


CjJS  N°T  T^la1SP- 
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STRAIN  GAGE  TECHNIQUES  FOR  BORON-EPOXY  COMPOSITES 


CONTRACT  NO.  F33S1S~71-C~1830  PROJECT  NO.  1347 

FILAMENTARY  LAMINATE  STATIC  PROPERTY  DATA 

matwwiai  fyiiH1  MaRWCO  »IH  MM**  tPWT  LAM  ORIENT.  — — 4  &/  90  ]  * 

MO.  OF  PLIES  7 

BALANCE  PLY  ADDED:  YES  □  NO  J5t  LOAD  ORIENT _ ft! _ 

TYPE  LOADING:  TENSION K  OOMpD  WEAR  □  NfTERLAM SHEAR  □ 

TYPE  TEST  SPECIMEN:  y»j,  BMatfj  _ 

SOAK  AT  TEMP - —  *F  FOR  -  T  -  HR  TEST  TEMP  EM.  T»Mp. 


PROPERTY 

BATCH  NO. 

IF 

9tC  IDE  NT 

TF-l 

IF -2 

7F-4 

l(=-5 

AVE 

9 

\ 

E-1 

30.1 

29.0 

30.  fc> 

30./ 

5/,0 

30.3 

FATOTE,017 

43.1 

45.1 

37,  S 

45.9 

45.8 

4-4.  Z 

pULT 

4.3.9 

fc7.0 

55. S 

tfo.3 

fofc-3 

t3.9 

9-01*0  1 

ini  noon 

E^S  (PRIMARY) 

12.2. 

12.5 

U.9 

/Z.3 

12.0 

/Z.Z 

(SECONDARY! 

10.9 

(o.  9 

to.*, 

/0.9 

U.O 

/0.& 

* 

m 

a 

V 

PROPOft- 

TlONAL 

LIMIT 

«i 

2505 

2400 

2300 

2500 

2400 

242/ 

U€><=> 

Uoo 

V\20 

IIOO 

(090 

W'Z.O 

««• 

D> 

E> 

> 

E> 

E> 

ULTIMATE 

r  «i  t 

5140 

576*0 

4b50 

sits 

sroo 

5523 

ZSZS 

ZSSS 

2125 

Z4SO 

2550 

2447 

/530 

/S32 

/2S6» 

/4-50 

/fcts 

/5Z4 

THICKNESS  (AVERAGE  1 

0.0354 

0.03  SO 

0.0349 

0.0394 

0.03  SI 

0.035 Z 

SFCC  THICKNESS:  f  4V.-)  MIN  -0338  MAX  •  fo 

PROPERTIES  EASED  ON 

NOMINAL  THICK  WITHOUT  BAL  FLY  -  034-4 

NOMINAL  ^ACTUAL  □ 

FILAMENT  COUNT  Iftft  /IN.  VOID  CONTENT  PLY  THICK.  feOOSO  IN. 

FILAMENT  VOLUME  FA  ACTION  LAM  DENSITyQ:OT54ls/|N  * 


LAMINATE:  TAPE  OR  MATRIX  PSION  3"  TAPE  MFC  KvCO _ 

BALANCE  sly  WO  HR _  CURE  NFC  **»»•  AT  3SO*F 

'STRAIN  MEASUREMENTS  BY  RESISTANCE  STRAIN  GAGES 
(AVERAGE  FROM  TWO  SURFACE  GAGES) 

DATA  FROM  REPORT  feE£SbJ£lIfcl£l - 

ORGANIZATION Tv*G  g>pg,l»JG.  COMPAQ  f  ^ilCOO^ 

COMMENTS:  EACH  %PSfclnS,N  IN  MV  I  DUALLY  lAIQ  UPj  KLU  CHEEP 

NT  BAWL  TtME,  Q>  too-r  t^CULA-tep 
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STRAIN  GAGE  TECHNIQUES  FOR  BORON-EPOXY  COMPOSITES 

CONTRACT  NO.  F33S1&71-C-16»  PROJECT  NO.  1347 

FILAMENTARY  LAMINATE  STATIC  PROPERTY  DATA 

matskiai  «WWM  MMncO  SfE  GORON  CPOAY  1AM  ORIENT. - QL2. - 

_  w  NO.  OP  PUt$ _ 2. - 

■ALANCE  PLY  AODED:  VU  U  NO  Pfl,  LOAD  OR  I  ENT _ _ 

TYPE  LOADING :  TENSION  R  COMPD  SHEAR □  MfTERLAM SHEAR  □ 

TYPE  T«ST  SPECIMEN :  \*t  VtKMOMT  VDI.  KHROL  TA» _ 

SOAK  AT  TEMP _ —  °P  FOP  -  —  MR  TEST  TEMP  RH.  UHP, 


mom  rty 

BATCH  NO. 

9A 

ff(C  IDE  NT 

9A-I 

9A-2 

9A-  3 

9A*4 

9A'S 

AVE 

9 

f 

r*' 

125. S 

/3fc.O 

/  27.5 

/33.0 

i 

> 

/3/.o 

FATIOC^ 

/37.7 

/39.S 

141.0 

/  38*S 

/38.S 

/40.Z 

fult 

/94.o 

201.1 

202.0 

200.  S 

20G.0 

200.7 

5l 

is 

X  ui 

EBB  (PRIMARY! 

29.7 

50.3 

29.7 

29.4 

29.3 

29. 7 

(KOONDARY) 

&> 

&> 

> 

k 

2  m 

PROPOR- 

TIONAL 

LIMIT 

4400 

4550 

4720 

4soo 

4542' 

«2 

9  20 

910 

800 

935 

J> 

©91 

««• 

> 

£> 

ULTIMATE 

«1 

fofooo 

6975 

fcseo 

6*650 

7OS0! 

4.37/ 

*1 

li4£> 

/40S 

/565 

/4  3S 

/595 

/467 

<4S 

3060 

3505 

2  5  SO 

34.55 

3420 

3Z36» 

THICKNESS  (AVERAGE) 

e.o44o 

0.0442 

0.0444 

0.0442 

0.0442 

0.0442 

■WC  THICKNESS:  (Asp  Mm.oA26  MAX  •  °  A  ST  PROPERTIES  BASEO  ON 
MOMMIAL  THICK  WITHOUT  SAL  PLY.  04^8  NOMINAL^ACTUAL  Q 


FILAMENT  COUNT  10+  AM  VOID  COMTE  HT  0-0%  FLY  THICK.  0-0  OS  ft  IN 
FILAMENT  VOLUME  FRACTION  HO  lam  DENSITY O.Q744t  »nn  3 

LAMINATE:  TAPE  OR  MATRIX  DEIGN  V  TAPS  MFC  KvCO _ 

BALANCE  PLY _ _  CURE  SPEC  ZHR».  AT  3IO*f 

•STRAIN  MEASUREMENTS  SY  RESISTANCE  STRAIN  GAGES 
(AVERAGE  FROM  TWO  SURFACE  GAGES! 

DATA  FROM  REPORT  k.P£^Pl--~re-  72  ~  15  I  _ 

organization  Tu&  feoe-tug.  Co>wPap-<  ,  Ag-gOS^ACe.  €>  gOO  P 

COMMENTS:  t***  VgCtH(LM  lOUPtLLY  LAIQ  UP;  AIL  CUEgP 

AT  EAnL  TIWC-  OMcT 

^ppftgo^rr  wopulo  S.  [$>  TAgOL^-TEP. 
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STRAIN  GAGE  TECHNIQUES  FOR  BORON-EPOXY  COMPOSITES 


CONTRACT  NO.  F3381B-71-C-1M#  PROJECT  NO.  1347 

FILAMENTARY  LAMINATE  STATIC  PROPERTY  DATA 


MAT! RIAL  SYSTEM:  MPAn»  UH  WAT 

BA  LANCS  PLY  ADOCO:  YSS  □  NO  ^ 


LAM  ORIENT. . 


901- 


NO.  OF  PLIES. 

LOAD  ORIENT - S£_ 


TYPE  LOADING:  TENSION £3  COMpQ  SHEAR  O  HfTERLAM SHEAR  □ 

TYPE  TEST  SPECIMEN:  IQ".  WHM4HT  VPlf  UMBELS  _ 

■OAK  AT  TEMP  —  *F  FOR  HR 


TEST  TEMP  RM.  TKWP. 


property 

BATCH  NO. 

9B 

VEC  IDE  NT 

9S^I 

96.-2 

9  e>  s 

9B-4 

ave 

i 

F« 

l1 

2  .  o 

2.2. 

1.9 

7.7 

1  .95 

F  AT  1/3  €  ,ULT 

2  * 

4.3 

3  -  G 

3  .  ^ 

3.5 

fULT 

3.9 

fc.3 

5.3 

5,3 

5.2. 

3l 

3  m 

€  m  (PRIMARY  I 

3.  V 

Z.7 

2-9 

3.  O 

f 

2  *9 

(SECONDARY! 

2  -"7 

2 

■2.7 

2.7 

2  .7 

5 

Z 

K 

a: 

* 

PROPOR- 

TIONAL 

LIMIT 

e1 

t45 

&OS 

fcfto 

540 

£>£>£> 

«2 

o 

o 

l  o 

o 

3 

(4S 

30C7 

340 

2fcO 

V  *90 

272 

ULTIMATE 

e1 

14-os 

2fc3S 

2090 

1975 

zozfc 

e2 

4Z 

37 

45 

4o 

4/ 

e« 

S/O 

/335 

i07S 

980 

/OSS 

THICKNESS  (AVERAGE) 

0-OAST 

0.0452 

0.0432 

0.0444 

0.0453 

SPEC  THICKNESS:  (*"0  MW  *  °44l   04  6,4 

PROPERTIES  BASED  ON 
NOMINAL J^ACTUAL  □ 

NOMINAL  THICK  WITHOUT  SAL  PLY  -  oAfcS 

'  '  ' 

Fit  AMENT  COUNT  1QQ  AN  VOID  CONTENT  5.|.0% 

PLY  thick .  0.00*0  IN. 

FILAMENT  VOLUME  FRACTION  - 

LAM  DENSITY  O^ZSKs/W.3 

lAMIMATE-  TAN  QR  MATRIX  DEMON  3*  T Aft _ _ 

mfg  Kv^o 

uinm  MV  hohs  curf  wec  lHA*.  AY  3SO*F 

‘STRAIN  MEASUREMENTS  SY  RESISTANCE  STRAIN  GAGES 
(AVERAGE  FROM  TWO  SURFACE  GAGES) 

DATA  FROM  REPORT  AFFOL-Te- 7H5j - 


ORGANIZATION  feoTLU^  CoiKPA 

COMMENTS:  EACH  APSCWfcH  MMVlSllRlLY  I.AIP  UP;  ALL  CtfKCP 

AT  RAWS  Tine. 
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STRAIN  GAGE  TECHNIQUES  FOR  BORON-EPOXY  COMPOSITES 


CONTRACT  NO.  F3381 5-7 1-C- 1638  PROJECT  NO.  1347 

FILAMENTARY  LAMINATE  STATIC  PROPERTY  DATA 

matfriai  iyitim  MnKMCO  »l*|  MMH  C>»*Y  LAM  ORIENT.  C«/9o/o/9o/63a 

NO-OP  PLIES _ - 

BALANCE  PLY  ADOCD:  VIS  □  NO  [SI  LOAD  ORIENT _ _ 

TYPE  LOADING:  TENSION  jBf  COMP  □  SHEAR  D  INTER  LAM  SHEAR  □ 

TYPE  TEST  SPECIMEN:  »TRM+HT  VOf,  T  »» _ 

SOAK  AT  TEMP  —  *P  FOR  —  HR  TEST  TEMP  RPV  TCMp. 


PROPERTY 

MTCH  NO. 

9C 

iic  IDE  NT 

9^-1 

9C*2 

9c-3 

<9c-4 

9C-6 

AVC 

9 

f"1 

33.5 

4G&> 

25.0 

.0 

30.5 

33.5 

FAT»£1ULT 

5X0 

52.2 

fco.  5 

57.Z 

GO. 7 

£7.B 

,ULT 

82-5 

7fe.o 

B».Z 

&4.0 

90.0 

84. ( 

MODULUS 
E,  G*nr* 

E  WTO  (PRIMARY  1 

/  7.7 

n.o 

n  -  (o 

n.4 , 

}7. 

17. S 

(SECONDARY! 

n*n 

/t.s 

/S.e 

/S-© 

/t.4 

/G.3 

? 

K 

2- 

moron- 

TIONAL 

LIMIT 

ei 

1950 

ZG9S 

/325 

/B50 

/7  25 

/90-9 

1  oo 

-S-& 

ZO 

49 

l  ISO 

/  700 

/ooo 

/SOO 

//  00 

/350 

ULTIMATE 

•4*950 

3820 

5325 

5090 

5375 

4‘?12 

«a 

75 

ISO 

/4S 

t4S> 

y/5 

// 

<« 

24.ZS 

-Z03S 

3/90 

Z/7S 

24.4.0 

Z537 

THICKNESS  (AVERAGE! 

o.o448 

o.o452 

0.044.0 

0.0455 

0.0464 

SPEC  THICKNESS:  (AV.)  mim  ■  oA3*»  MAX  ■  04  fog  PROPERTIES  BASED  ON 
NOMINAL  THICK  WITHOUT  SAL  PLY  •  OAfaft  NOMIHAL>jf*CTUA*-  □ 


FILAMENT  COUNT  /IN  VOID  CONTENT  A|.Q%  FLY  THICK.  O.OOED  IM 

FILAMENT  VOLUME  FRACTION  tSO  LAM  DCNSITY^OTSJ  ls/IN3 

LAMINATE:  TAPE  OR  MATRIX  DESIGN  3*  TAPE  MFG  KvCO _ 

BALANCE  PLY _ W»WK  CURE  SPEC  tPM.  AT  SSO*F 

‘STRAIN  MEASUREMENTS  SY  RESISTANCE  STRAIN  GAGES 
(AVERAGE  FROM  TWO  SURFACE  GAGES! 

DATA  FROM  REPORT  O  L. I?  I  _ 


ORGANIZATION  TUS-  So£^6i  ,  A.eiCO  &gOUP 

COMMENTS:  _ WCIWfcM  MDW I  DUALLY  LAip  VP/  RLL  CUSCO 


jg  MBI  YIMC. 
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STRAIN  GAGE  TECHNIQUES  FOR  BORON-EPOXY  COMPOSITES 


CONTRACT  NO.  F33B1K-71-C-163B 


PROJECT  NO.  1347 


FILAMENTARY  LAMINATE  STATIC  PROPERTY  OATA 


- ..  Hum*  .».»  .H., 

w  NO.  OF  Ft  lf« _ 2 _ 

■A  LANCS  PLY  AO  DEO  Yt*  □  NO  PA.  LOAD  ORIENT. _ fi! _ 

TYPE  LOADING:  TENSION  COMpQ  SMEAR  □  INTSRLAH SHEAR  □ 

TYPE  TEST  SPECIMEN:  ><?*.  VUM4WT  WSlj  TA» _ 

SOAK  AT  TEMP  —  V  rOfl  —  MR  TEST  TEMP  SW-  TlMf. 


MIOKHTY 

BATCH  NO. 

9D 

SPSCIOSNT 

9P-» 

90-2- 

ID-  3 

<50-4 

^D-5 

AVE 

i 

i 

F*’ 

74.0 

SL.O 

47.5 

55.0 

*5" 

59.0 

PATWe,ULT 

fc/.O 

fo/.3 

fc/.3 

fe0.3 

£»  0.8 

60.9 

fiilt 

89.fc 

S8.7 

88. A 

89.0 

8*9.0 

89.0 

3l 

|S 

ft  m 

E  OR  IPRIMARY) 

/S.fc 

/5t7 

/5.6 

/5.3 

/S.7 

i5,u> 

NKCONOAflY) 

0 

fi>  | 

[> 

0 

l> 

*% 

moron- 

TIONAL 

LIMIT 

*1 

4  $50 

3  6-/0 

3/00 

3SSS 

4080 

3845. 

Nil 

2  0^0 

13oo 

1545 

1700 

16.S! 

€m 

ULTIMATE 

«i 

S  930 

3980 

6-030 

5880 

5900 

5954 

*7 

2570 

Z  4oo 

2480 

Z57/0 

^500 

Z492 

•m 

mo 

/79  a 

/ 890 

/UlO 

/fcfcO 

/732 

THICKNESS  (A VS  RAGS  1 

0,0453 

0-0454 

0.0459 

o.o46o 

o.04<8 

0.0455 

WCC  THICKNESS:  (iW.}  MIN  ■  <=*435  max  -  <>4*9 

more  n  ties  baaed  on 

NOMINAL  ACTUAL  □ 

IIOMHIAL  THICK  WITHOUT  SAL  PLY  -  04fcft 

FILAMENT  COUNT  SO*  AN  VOW  CONTENT  <1-0% 

REV  THICK .  0,00*0  IN. 

FILAMENT  VOLUME  FRACTION  *30 

LAM  DENSITY  0  O72vLE/IN  3 

LAMINATE:  TAPE  OR  MATRIX  DESIGN _ 3"  TAPE _ 

MTQ  KVtO _ 

■  Al  ANTE  PLY _ X»HS _  CURE  NEC  IMM.  AT  3S0*F 

•STRAIN  MEASUREMENTS  BY  RESISTANCE  STRAIN  GAGES 
(AVERAGE  FROM  TWO  SURFACE  OAOESI 


OATA  FROM  REFORT  AFPP1-  ~Tg-  72-->S! 


ORGANIZATION  Tug  Bo6(M*  Compaq  tAEgosPAcfi  6eouP 
COMMENTS:  _ £*=“  ^PBMHlN  WptV  (DUALLY  LAIQ  UP,  ALL  CtftgQ 

AT  SAME  TIWC.E>  6econDAZ'<  si*au»  (ZESPOiO 

lyty-rA.  TA8UUft-t6P.  [3>  
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FILAMENTARY  LAMINATE  STATIC  PROPERTY  DATA 

.v™-  HtMUft  W»»  «M»tt CP»»r  WM.OT.1W,  L °^o/±4S/o2» 

NO.  Of  PLIES _ 2 _ 

■A LANCS  PLY  ADDED:  YII  □  NO  JH,  LOAD  ORIENT _ fi! _ 

TYPE  LOADING:  TENSION $$  COMpQ  MAR  □  INTERLAM SHEAR  □ 

TYPE  TEST  SPECIMEN:  i£i.  »TKM»HT  »»E,  RWEiPV  TAM _ 

•OAK  AT  TEMP  —  *P  FOR  —  ~  _  HR  TEST  TEMP  _RW-_  TCHp. 


batch  no. 

9E 

MCIOCHT 

<9E-| 

9E-2- 

9&-3 

9E.-4 

9E-S 

AVI 

8 

P*’ 

38. *9 

3*9.2 

34. & 

36. 6 

3/. 6 

36.  Z 

PATMSE,^ 

5  f-  & 

42.1 

49.6 

45./ 

47.  Ur 

47.2 

P^T 

73. » 

6.1.  io 

*72.4 

65.9 

69.8 

68.7 

3i 

IS 

X  Ml 

E  SB  (PRIMARY) 

/3.o 

12.9 

/S.O 

/3 ./ 

/3.  O 

13.0 

MECONDARY) 

/2.7 

12. fe 

//.  3 

/2 .3 

//.s 

/z./ 

* 

3 

3% 

2: 

PROPOR- 

TtOHAL 

LIMIT 

«i 

299a 

3040 

2 150 

2  830 

2445 

269/ 

970 

£><0  O 

870 

846 

* m 

1090 

945 

/OSS 

©&o 

950 

990 

ULTIMATE 

«i 

6,04a 

4920 

5765 

5275 

5ir50 

5530 

fi 

ask© 

1635 

/785 

/63S 

mo 

«4S 

1^4p© 

1555 

20/0 

/755 

/9&5 

/S>54 

THICKNEM  (AVERAGE) 

0.0464 

0.0453 

0,0454 

0.045* 

0.0 45/ 

0.0454 

SPEC  THICKNESS:  CA  S/.')  mim  -  °442  MAX  -OAfafa  PROPERTIES^  BASED  ON 
NOMINAL  THICK  MRTMflUT  RAL  PLY  ■  OAfeg  NOMINAL^ACTUAL  □ 


FILAMENT  COUNT  108  _  /IN.  VOID  CONTENT  <1-0%  PLY  THICK-  0.0010  in. 
FILAMENT  VOLUME  FRACTION  (LSO  LAM  DENSITY <L°I£f  LA/IN  3 

LAMINATE:  TAPE  OR  MATRIX  DEMON  3"  TAPE.  _  MFO  P*V CO _ 

BALANCE  PLY  _  MO  HE _  cure  m*c  ZHM-  NT  3jO*F  , 

’STRAIN  MEASUREMENTS  BY  RESISTANCE  STRAIN  GAGES 
(AVERAGE  FROM  TWO  SURFACE  GAGES) 

DATA  FROM  REPORT  ^££ PL-T — l2Sl!£l _ 

on(iAMtzATio*lS!&  Colapap^  AE-gospAce  ^gpop 

COMMENTS:  - tACH  tUtlHjH  IHpiV  I  DUALLY _ LAIfe.Uf^  KLL  ClISEO 

Tint. 
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CONTRACT  NO.  F3M15-71-C-1S3®  PROJECT  NO.  1347 

FILAMENTARY  LAMINATE  STATIC  PROPERTY  OATA 

«v«tsm.  NAAHCO  «»>»  won  WAT  LAM  ORIENT,  O/+4S/90/-4S  /?P]  s 

NO.  OP  PLIES  *? 

■ALANCC  PLY  ADDED:  VIS  □  NO  P&,  LOAD  ORIENT - ftl _ 

TYPE  LOADING :  TENSION  J£  COMP  □  SHEAR  □  INTER  LAM  SHEAR  □ 

TYPE  TEST  SPECIMEN:  iifc  >TAA»f  HT  yfrj^  F|HP#V*%  7*F _ 

SOAK  AT  TEMP  -  —  *P  FOR  —  HR  T1«T  TEMP  -IN'  T*P<p. 


PHOMft  TY 

SATCHNO. 

9F 

VSC  IOC  NT 

9F  -1 

^P--Z 

5F-3 

9F-4 

9F-5 

AVE 

I 

P-’ 

35.0 

41. fo 

30,  S 

S 

28. S 

34  -9 

PAT  me/*-1 

43.8 

49.6 

49.  i 

53.0 

45.1 

48.  / 

fult 

64.5 

73,0 

72.0 

70.0 

66.  O 

70.7 

Si 

§5 

2  m 

E  On  IPRIMARY) 

12 .7 

12 .9 

/2.9 

/  2 .9 

13.0 

/2.9 

MECONOARY) 

(2.4 

/  2 . 2 

il .  9 

//.8 

12.  / 

/2./ 

i 

s 

rb 

i* 

¥ 

PROPOR- 

TIONAL 

LIMIT 

ZU2.0 

3235 

2325 

2800 

2240 

2644 

»"30 

990 

745 

900 

7Z5 

83® 

e4S 

gfoo 

looo 

&1S 

975 

740 

882 

ULTIMATE 

5/25 

5830 

5800 

6295 

5400 

5  690 

<1 

7350 

ISOO 

/795 

2000 

/£&£ 

nzs 

«4S 

1700 

2190 

/960 

2/50 

/8O0 

/9  6® 

THICKNESS  (AVERAGE) 

0.0449 

o*o45S 

0.0450 

0.045/ 

0.0455 

•  .04  5  2 

SPEC  THICKNESS:  00  -  04  37  MAX 

PROPERTIES  BASED  ON 

NOMWIAL  THICK  WITHOUT  SAL  PLY  •  0448 

NOMINAL  J^ACTUA  L  □ 

FILAMENT  COUNT  ION  AN.  VOID  CONTENT  4 14% 
FILAMENT  VOL1 Mi  FRACTION  0.30 

FLY  THICK.  0*00*0  IN. 

LAM  DENSITY  °  °7Z' LSMN  3 

LAMINATE:  TATE  ON  MATNIX  DEMON 

V  TAPE 

MFQ  FtVCO _ 

■ALANCC  FLY _ HOHK _ 

CURE  RFC  ZWRE.  AT  3I0*F 

•STRAIN  MEASUREMENTS  SY  RESISTANCE  STRAIN  GAGES 
(AVERAGE  FROM  TWO  SURFACE  GAGES) 


OATA  FROM  REFORT  AF1=OL--~Tg  -72-  151 -  - 

onQAmzAJK)H~SA^  Compaq^,  A.E.gQSj>ACE,  6gov)P 

COMMENTS :  _ TACM  LAIQ  U ALL  C O 

AT  >*ni  Tir^y, 
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